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Abstract 
 
Transcriptomic studies from many eukaryotic species have shown that in addition to 
protein coding mRNA, there exists RNA that appears to have no protein coding potential. 
One class of such RNAs are long non-coding RNAs (lncRNAs) whose length is greater than 
200 nucleotides. In this research project, the extent and diversity of lncRNAs expressed 
during developing siliques was investigated. To achieve this, next-generation RNA-
sequencing (Illumina®) was performed on Arabidopsis thaliana silique RNA for ecotypes Col-
0 and C24. Reciprocal crosses of these two ecotypes were also sequenced, to investigate 
potential parent of origin expression in developing seeds of these siliques. After assembling 
transcripts, known gene models and transcripts containing peptide potential were removed, 
revealing 2,807 potential lncRNAs. The lncRNAs identified had diverse genomic locations; 
antisense to protein coding mRNAs, sense and antisense within both intergenic regions and 
intronic regions. LncRNAs had a median length of approximately 500 nt, contained one to 
two exons but minorities were alternatively spliced. Candidate lncRNAs were investigated, 
some being potentially imprinted, others being in proximity to genes expressed exclusively in 
the endosperm and a minority of lncRNAs were methylated. 
In animals and plants, it is known that lncRNAs bind to Polycomb Repressive Complex 
2 (PRC2) and are located at loci targeted by PRC2. To further investigate this in silique and 
seed development, lncRNAs were identified in reproductive-specific PRC2 mutants. A total 
2,362 lncRNAs were identified; 55% (1,296) were exclusively identified in PRC2 mutants and 
are potentially targeted by PRC2. PRC2 mutants induced transcriptome wide differential 
expression of 8,212 genes, in particular transcriptional regulators, transcription factors and 
DNA binding proteins. Furthermore, 520 lncRNAs were differentially expressed in PRC2 
mutants. Novel lncRNA candidates were explored, many being exclusively expressed in the 
absence of PRC2 and were in proximity to key genes involved in transcription regulation, 
such as transcription factors. 
As PRC2 regulates endosperm development and governs post-zygotic hybridisation 
barriers, inter-genus crosses between Arabidopsis thaliana and Boechera pinetorum created 
with mutations in PRC2 were investigated as part of a long term aim. Using PCR and 
genotyping sequencing, it was confirmed that all hybrids contained the genomes of both 
distant parents. It was confirmed that PRC2 mutations facilitated the generation of A. 
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thaliana x Boechera pinetorum hybrids, although it is not known how. With the hybrids 
confirmed, this provided a platform for research into roles of lncRNAs in alleviating post-
zygotic hybridisation barriers. 
Overall, this research project identified a total 4,147 lncRNAs in A. thaliana siliques 
from various ecotypes, crosses and mutants. 64% (2,652) were novel, not being reported by 
any other study. However, further experiments are required to validate lncRNAs and 
elucidate their functions. The 4,147 lncRNAs identified are an important contribution to 
plant lncRNA research, providing a novel resource to understand the role lncRNAs play in 
plant biology. 
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CHAPTER ONE: General introduction 
 
1.1 Literature review 
 
1.1.1 The undiscovered transcripts 
In higher eukaryotes, protein coding sequences occupy a small fraction of genomic 
space, being 2 – 25% of the genome (Adams et al., 2000; Arabidopsis Genome Initiative, 
2000; Lander et al., 2001; Waterston et al., 2002). Initially, it was believed that the 
unannotated genomic space was not transcribed and served no function, being considered 
as ‘junk DNA’. However, this was a misconception, as high throughput transcriptome 
experiments demonstrate that at least 75% of mammalian genomes are transcribed 
(Carninci et al., 2005; Berretta and Morillon, 2009; Djebali et al., 2012). Accordingly, this has 
led to reports that at least 80% of the human genome has at least one biochemical RNA 
and/or chromatin associated event in at least one cell type (ENCODE Consortium, 2012). 
These newly discovered transcripts were not just novel protein coding genes, but 
predominantly thousands of long non-coding RNAs (lncRNAs). 
LncRNAs are defined as transcripts that are ≥ 200 nucleotides (nt) in length with no 
protein coding potential, but can have important molecular functions (Derrien et al., 2012). 
Genome wide studies in mammalian systems have revealed a high complexity of the 
transcriptome, where lncRNAs have been identified to reside within coding transcripts, non-
coding transcripts and interspersed between multiple transcripts, coding and non-coding 
(Carninci et al., 2005; Kapranov et al., 2005; Guttman et al., 2009). In these studies, it 
appears that the lncRNA transcriptome is more diverse and complex than that of the protein 
coding transcriptome. This has drastically changed the perception of the composition of the 
transcriptome, where the importance of lncRNAs is starting to be elucidated. 
The proposal that lncRNAs are genuine biological entities of functional importance 
has been met with scepticism by some researchers, where it is argued that lncRNAs 
potentially represent non-functional products of spurious transcription (Ponjavic et al., 2007; 
Struhl, 2007). Indeed, despite the multitude of lncRNA transcripts reported, only a small 
number have been functionally characterised or reproducibly reported. Contributing to this 
perception is that lncRNAs are expressed at lower levels and are less conserved than mRNAs 
from protein coding genes, limiting their functional elucidation and reproducible detection 
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(Guttman et al., 2009). Initially, technical limitations in lncRNA discovery have been the cost 
and sensitivity of sequencing, however, with advances in next generation sequencing 
technologies (reviewed by Goodwin et al., 2016), these restrictions are being alleviated. For 
instance, compared to the Human Genome Project, which cost approximately 
$2,700,000,000 USD over 10 years, a human genome can now be sequenced for 
approximately $2,000 USD in less than two weeks (Goodwin et al., 2016). This has heralded a 
genomics era of biological sciences. Accordingly, this has led to genome-wide identification 
of lncRNAs in various organisms, including mouse (Mus musculus) (Guttman et al., 2009), 
human (Homo sapiens) (Khalil et al., 2009), fruit fly (Drosophila melanogaster) (Young et al., 
2012), roundworm (Caenorhabditis elegans) (Nam and Bartel, 2012), zebrafish (Danio rerio) 
(Pauli et al., 2012), plant (Arabidopsis thaliana) (Liu et al., 2012), bovine (Longissimus 
thoraci) (Billerey et al., 2014), fungus (Ganoderma lucidum) (Li et al., 2014a), honey bee (Apis 
mellifera) (Humann et al., 2013) and diamondback moth (Plutella xylostella) (Etebari et al., 
2015). In this chapter, known lncRNA transcriptomes of plants will be reviewed and lncRNA 
functions will be discussed.  
 
 
1.1.2 Long non-coding RNA transcription 
In eukaryotic organisms, transcription occurs by three highly conserved RNA 
polymerases. RNA polymerase (Pol) I is responsible for transcription of the non-coding 
ribosomal RNA (rRNA), Pol II transcribes protein coding messenger RNA (mRNA) and small 
non-coding RNAs such as microRNAs (miRNAs), while Pol III transcribes short structural RNAs 
such as transfer RNAs (tRNAs) and small rRNAs (5S rRNA) (Vannini and Cramer, 2012). 
However, in plants, two additional polymerases exist; Pol IV and Pol V, both of which have 
key roles (predicted to be primary roles) in transcriptional gene silencing (Wierzbicki et al., 
2008; Haag and Pikaard, 2011). In animals and plants, many lncRNAs are transcribed by Pol 
II; accordingly, they usually contain a 5’ cap and 3’ poly(A) tail (Guttman et al., 2009; Liu et 
al., 2012). Increasingly, there have been reports of lncRNAs that are non-adenylated (Liu et 
al., 2013; Wang et al., 2014d). In addition to Pol II, plant lncRNAs have also been identified to 
be transcribed by Pol IV or Pol V; these contain a 5’ cap but lack a 3’ poly(A) tail (Haag et al., 
2012; Blevins et al., 2015; Zhai et al., 2015). Furthermore, transcription of a lncRNA can 
alternate between different polymerases. For example, a lncRNA can first be transcribed by 
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Pol II and subsequently by Pol V, where both transcripts have different molecular functions 
at the locus (Ariel et al., 2014).  
The transcriptional landscape of plant lncRNAs is diverse (summarised in Figure 1.1). 
Predominantly, lncRNA nomenclature is defined by transcription relative to annotated gene 
models. The most widely reported lncRNAs are Natural Antisense Transcripts (NATs). These 
are transcripts complementary to a gene model, overlapping the gene model transcript by at 
least 1 bp or more of one or multiple exons (Wang et al., 2005; Henz et al., 2007; Chen et al., 
2012; Lu et al., 2012). NATs are generally believed to be independent transcriptional units 
that are transcribed within the overlapping gene model (being cis encoded) or transcribed at 
a distant locus but have overlapping sequence complementarity to a gene model (trans 
encoded) (Wang et al., 2005; Wang et al., 2006). However, many NATs are indeed protein 
coding and more research is required to understand their potential roles. Although further 
studies explicitly report cis long non-coding NATs (Zhu et al., 2013; Wang et al., 2014a), 
these will unambiguously be referred to as antisense exonic lncRNAs.  
The next most reported lncRNAs are intergenic lncRNAs (Matsui et al., 2008; Ding et 
al., 2012a; Liu et al., 2012; Ariel et al., 2014; Gao et al., 2016). Intergenic lncRNA 
transcription is diverse; these lncRNAs can be 5’ sense, 5’ antisense, 3’ sense or 3’ antisense 
relative to the neighbouring gene model. For instance, some lncRNAs are transcribed by Pol 
V within regions considered to be gene promoters, in sense or antisense directions (Zheng et 
al., 2013). Minorities of intergenic lncRNAs have been identified as precursors for other 
novel gene models, such as small peptides, miRNAs or small nucleolar RNAs (snoRNAs) 
(Hirsch et al., 2006; Ben Amor et al., 2009; Cheng et al., 2017). It is noteworthy that 
eukaryotic promoters exhibit bi-directionality whereby RNA polymerase can initiate 
transcription in either direction (Grzechnik et al., 2014). Consequently, some 5’ antisense 
intergenic lncRNAs may be driven by a bi-directional promoter.  
Lastly, lncRNAs may reside within the intron of a gene model, although there are 
minimal reports of this in plants. These may be independent sense intronic transcriptional 
units (Heo and Sung, 2011). Currently, there are no studies of antisense intronic lncRNAs, 
however support for their existence is emerging in transcriptome-wide studies and lncRNA 
databases (Jin et al., 2013; Cheng et al., 2017). In this thesis, sense intronic and antisense 
intronic lncRNAs will be reported; it is proposed these lncRNAs are included as part of a 
wider classification. It may not be surprising that intronic lncRNAs will be discovered, as 
other forms of non-coding RNAs (ncRNAs) are prevalent within protein coding gene introns, 
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such as miRNAs (Chang et al., 2015) and snoRNAs (Yin et al., 2012). Similarly, circular RNAs 
(circRNAs), which are formed by non-canonical back-splicing of exons (Memczak et al., 
2013), can be comprised of exon-intron fragments (Li et al., 2015b), or if after canonical 
splicing, a lariat loop escapes debranching and degradation, a stable circular intronic long 
non-coding RNA (ciRNA) can form (Zhang et al., 2013).  
 
 
 
 
Figure 1.1 The classification of the long non-coding RNA (lncRNA) transcriptome. (A) Nomenclature of lncRNA 
transcription is relative to annotated gene models (green) and is grouped into four classes. Many lncRNAs 
identified are antisense to a gene model, being antisense exonic (purple) or exclusively antisense intronic (red). 
Intergenic lncRNAs (blue) are in-between protein coding genes, in un-annotated genomic space. These can be 
5’ or 3’ sense intergenic lncRNAs relative to proximal protein coding genes, possibly being part of the same 
promoter and within untranslated regions. Alternatively, they can be 5’ or 3’ antisense intergenic lncRNAs, 
which can still be driven by the same promoter (grey) as the neighbouring gene model as RNA polymerase II 
exhibits bi-directionality (Grzechnik et al., 2014). Interestingly, intergenic lncRNAs can have a large intron that 
encompasses a gene model, possibly being a precursor transcript for another non-coding RNA. Lastly, sense 
intronic lncRNAs (yellow), are within the intron of gene models. (B) Other non-coding RNAs, such as micro, 
small nuclear and nucleolar RNAs are within the intron of a gene model that is the precursor of these species. 
Alternatively, circular RNAs arise from back-splicing of exons and introns of a gene model, while circular 
intronic RNAs arise from intron splicing that escapes de-branching and degradation.  
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1.1.3 Identification and potential roles of plant lncRNAs 
In plants, the first report of a novel 675 nt RNA with a clear functional role emerged 
more than 20 years ago, prior to the name ‘lncRNA’ (Crespi et al., 1994). Identified by 
differential screening of cDNAs in M. truncatula nodulation, the lncRNA was found to have a 
role in nodule organogenesis. Subsequently, other studies performed in silico analyses of 
available RNA sequences to identify lncRNAs. For instance, expressed sequence tags and full 
length cDNAs that have an open reading frame (ORF) less than 100 amino acids. This 
revealed approximately 100 novel non-coding RNAs in A. thaliana (MacIntosh et al., 2001; 
Hirsch et al., 2006; Ben Amor et al., 2009) and 503 novel transcripts in M. truncatula (Wen et 
al., 2007). Other in silico analyses have focused on novel cDNAs that have antisense 
complementarity to annotated genes. In A. thaliana, 1,340 cis (Wang et al., 2005) and 1,320 
trans (Wang et al., 2006) encoded NATs have been identified, many being potential lncRNAs.  
As all these studies relied upon poly(A) enriched cDNA libraries, the potential 
lncRNAs that were identified had similar expression levels to mRNAs, were polyadenylated 
and were likely transcribed by Pol II. However, one study utilised size selection of 50 – 500 nt 
by denaturing polyacrylamide gel electrophoresis prior to constructing cDNA libraries, which 
revealed 140 novel non-coding RNAs (Marker et al., 2002). This provided insights into lowly 
expressed and non-adenylated transcripts, which may be transcribed by Pol IV or Pol V. 
Attempts at genome-wide identification of novel transcriptional units were performed using 
Affymetrix tiling arrays, identifying 7,719 novel transcriptional units in unannotated 
intergenic regions (Matsui et al., 2008). Subsets of these were responsive to conditions such 
as drought, cold, high-salinity and abscisic acid treatment, although their function is 
unknown. Utilising more than 200 tiling arrays, Liu et al. (2012) adopted a Reproducibility-
based Tiling-array Analysis Strategy (RepTAS). Combined with an in silico analysis of peptide 
potential ORF ≤ 100 amino acids, Liu et al. (2012) identified 6,480 intergenic lncRNAs, 
subsets having organ-specific expression, whereas others were responsive to biotic and/or 
abiotic stresses.  
With advances in next generation sequencing technologies (reviewed by Goodwin et 
al., 2016), identification of plant lncRNAs has accelerated. Coupled with directional RNA 
sequencing (RNA-seq) library preparations, discussed by Levin et al. (2010), the identification 
of antisense lncRNAs has been greatly enhanced. However, as RNA-seq library preparations 
are based upon oligo-dT purification of RNA (to avoid rRNA contamination), the majority of 
sequence reads derive from polyadenylated transcripts. Nevertheless, RNA-seq of flower, 
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leaf, root, and silique samples confirmed the presence of approximately 42% of the 6,480 
RepTAS intergenic lncRNAs (Liu et al., 2012). Other studies have also reported that 
approximately 20% of these RepTAS lncRNAs are involved in root development (Li et al., 
2013; Li et al., 2016). Adopting a RepTAS strategy combined with high throughput directional 
RNA-seq, Wang et al. (2014a) reported genome-wide identification of 33,805 long non-
coding NATs in leaves, flowers (inflorescences) and siliques from 5.5 week-old seedlings. 
Approximately 5% of these lncRNAs were light responsive and associated with histone 
modification (acetylation). Other antisense lncRNAs have been identified to be responsive to 
Fusarium oxysporum infection, being antisense to pathogen defence genes (Zhu et al., 2013). 
With the emergence of advanced sequencing technologies and the decrease in sequencing 
costs (Goodwin et al., 2016), lncRNA identification in other plant species has become 
widespread. In Zea mays, 20,163 lncRNAs have been identified, although only 1,704 were 
considered to be high-confidence lncRNAs (Li et al., 2014b). Another study in Zea mays 
identified 1,724 lncRNAs, 664 were identified as drought-responsive (Zhang et al., 2014a). 
RNA-seq of Zea mays and Oryza sativa flower buds, flowers, flag leaves and roots revealed 
22,334 intergenic and 6,673 antisense exonic lncRNAs (Wang et al., 2015a). LncRNAs in both 
plants were identified that overlapped developmental and stress response genes. In Populus 
trichocarpa seedlings, 2,542 intergenic lncRNAs have been identified, whereby 504 were 
found to be drought responsive (Shuai et al., 2014). In Populus tomentose, Chen et al. (2015) 
identified of 1,377 lncRNAs, with 16 having a potential role in wood formation, including 
cellulose and lignin biosynthesis. LncRNAs have also been identified in other commercial 
textile and food crops. Genome-wide identification of lncRNAs in multiple species of 
Gossypium revealed 30,550 intergenic and 4,718 antisense exonic lncRNAs, with several 
candidates involved in cotton fibre initiation and elongation (Wang et al., 2015b). In Solanum 
lycopersicum, Zhu et al. (2015) identified 3,679 lncRNAs, 677 were differentially expressed 
during tomato fruit ripening, with potential roles in the process. 
Despite the increasing number of reports that lncRNAs originate from throughout the 
genome, very few reports have explicitly identified lncRNAs that are non-adenylated. A key 
challenge has been the purification of transcripts away from the rRNA that comprises more 
than 80 – 90% of the total RNA in the cell (O'Neil et al., 2013). One method adopted by Liu et 
al. (2013) was 50 – 500 nt size fractionation prior to sequencing. Performed in Oryza sativa, 
this led to the identification of 754 novel ncRNAs of unknown function. Similarly, Wang et al. 
(2014d) utilised a 50 – 300 nt column-based size selection to identify 838 intermediate-sized 
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ncRNAs, 479 being new ncRNAs. In A. thaliana, Di et al. (2014) identified 955 non-adenylated 
lncRNAs in seedlings by removal of polyadenylated transcripts by oligo-dT followed by rRNA 
depletion of the remaining non-adenylated fraction, prior to RNA-seq. Subsequent analysis 
demonstrated that 245 polyadenylated and 58 non-adenylated lncRNAs were differentially 
expressed under various stress stimuli; heat, cold, salt, drought and high light (Di et al., 
2014). Non-adenylated lncRNAs were found to have shorter transcripts and lower expression 
levels than polyadenylated transcripts. Furthermore, non-adenylated lnRNAs were found to 
be preferentially expressed in response to stresses, such as enrichment in drought and 
depletion in heat conditions (Di et al., 2014). Recently, Yuan et al. (2016) adopted the same 
approach and identified 78 non-adenylated lncRNAs in A. thaliana roots and shoots, some 
being differentially expressed under varying phosphate conditions. Lastly, other studies have 
used RNA immunoprecipitation and chromatin immunoprecipitation techniques targeting 
transcriptional gene silencing components to identify Pol IV and Pol V transcripts (Wierzbicki 
et al., 2008; Haag et al., 2012; Zheng et al., 2013; Zhai et al., 2015). These transcripts are 
lncRNAs involved in repressive RNA-directed DNA methylation (RdDM) (Matzke et al., 2015).  
 
 
1.1.4 Molecular functions of plant lncRNAs 
 In A. thaliana, there is an estimated 40,000 lncRNAs (Liu et al., 2012; Wang et al., 
2014a). Relatively few of these lncRNAs have been functionally characterised (Table 1.1). 
Nevertheless, diverse molecular functions are being uncovered, which are summarised in 
Figure 1.2. By guiding regulatory protein complexes, plant lncRNAs can facilitate repressive 
chromatin modifications that silence genes (Heo and Sung, 2011; Wang et al., 2014c; Kim 
and Sung, 2017). Other lncRNAs can induce changes in DNA architecture that alter 
transcription of the locus. For instance, repressive chromatin looping (Ariel et al., 2014) or 
facilitating transcriptional enhancement (Wang et al., 2011). LncRNAs may also guide 
proteins to the promoter of a gene, to enhance transcription (Seo et al., 2017). After 
transcription of a protein coding gene, plant lncRNAs can have multiple regulatory functions. 
By decoy activity that prevents association of mRNAs with splicing machinery, lncRNAs can 
alter the ratio of alternative spliced mRNAs (Bardou et al., 2014). LncRNAs can be antisense 
transcripts of protein coding genes, which can buffer the transcription of the protein coding 
gene (Wunderlich et al., 2014) or form dsRNA that is silenced by degradation (Zubko and 
Meyer, 2007). LncRNAs can be transcribed at the protein coding gene loci by Pol IV (Li et al., 
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2015a) or Pol V (Wierzbicki et al., 2008; Zheng et al., 2013) as part of RdDM. The resulting 
epigenetic modification of DNA is repressive, preventing transcription. Although plant 
lncRNAs are not translated, they have been found in the cytoplasm and can have ribosomal 
occupancy. For instance, plant lncRNAs can re-localise RNA binding proteins to the 
cytoplasm (Crespi et al., 1994; Campalans et al., 2004) or traffic mRNAs to polysomes, 
promoting translation (Jabnoune et al., 2013). LncRNAs can also be a decoy to prevent 
degradation of target mRNAs (Franco-Zorrilla et al., 2007; Wu et al., 2013). After translation 
of mRNA to protein, RNA binding proteins can potentially be lncRNA bound for their function 
(Reichel et al., 2016). Plant lncRNAs may also bind to multiple proteins, serving as a scaffold 
for the assembly of protein complexes (Wang et al., 2014c). Subsequently, these protein 
complexes, among others, may be guided by lncRNAs to a chromatin target, as previously 
described. Lastly, lncRNAs may be nothing more than transcriptional noise, having no 
function. Less than 1% of the approximate 40,000 potential lncRNAs in A. thaliana have a 
demonstrated molecular function. 
Most lncRNAs perform their molecular function in cis, i.e. regulating the 
neighbouring gene model or the locus from which they are transcribed (Swiezewski et al., 
2009; Heo and Sung, 2011; Zheng et al., 2013; Ariel et al., 2014; Wunderlich et al., 2014). 
Few act in trans, i.e. at loci distant from their transcription (Wang et al., 2006; Wang et al., 
2014c). Predominant cis-regulatory roles may explain why the majority of lncRNAs have such 
low expression levels and are yet to be functionally characterised. Currently, the major 
archetypes of functions are molecular guides, decoys, antisense regulation, RdDM, re-
organising nuclear architecture and scaffolds for protein complexes. Each of these will be 
discussed in detail in the following sections. 
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Table 1.1 Summary of functionally characterised plant lncRNAs. Plant lncRNAs are summarised from the 
scientific literature in chronological order. LncRNA features (size, transcription etc.), biological role and 
description /function is given (if details available). Sources are referenced within the table. 
 
LncRNA Reference(s) Features Biological role Description /function 
1994) Medicago 
truncatula EARLY 
NODULIN 40 
(ENOD40) 
(Crespi et al., 
1994; 
Campalans et 
al., 2004) 
675 nt, one 
exon. 
Intergenic 
lncRNA. 
Nodule 
formation. 
Re-localises an RNA binding 
protein from nuclear speckles to 
cytoplasmic granules during 
nodulation. 
2005) A. thaliana Pol 
IV lncRNAs. 
(Herr et al., 
2005; Li et al., 
2015a) 
Variable sizes, 
predominantly 
unspliced. 
Gene 
silencing. 
RNA-directed DNA methylation. 
Pol IV lncRNAs are converted into 
dsRNA which is cleaved into 24 nt 
siRNAs.  
2007) A. thaliana 
INDUCED BY 
PHOSPHATE 
STARVATION 1 (IPS1). 
(Martin et al., 
2000; Franco-
Zorrilla et al., 
2007) 
542 nt, two 
exons. 
Intergenic 
lncRNA. 
Phosphate 
starvation 
response. 
Competitive endogenous RNA, 
sequesters miR399, preventing 
degradation of phosphate gene 
PHO2. 
2007) Petunia 
hybrida SHOOTING 
long non-coding 
natural antisense 
transcript (SHO 
lncNAT). 
 
(Zubko et al., 
2002; Zubko 
and Meyer, 
2007). 
639 nt, one 
exon. 
Antisense 
exonic to SHO.  
Control of 
cytokinin 
production 
and enhanced 
shooting.  
Transcription of the antisense 
exonic lncRNA generates dsRNA 
with SHO, a cytokinin synthesis 
enzyme. SHO and lncNAT dsRNA is 
degraded, repressing cytokinin 
synthesis. 
2008) A. thaliana Pol 
V lncRNAs. 
(Wierzbicki et 
al., 2008; 
Zheng et al., 
2013)  
Variable sizes, 
predominantly 
unspliced.  
Gene 
silencing. 
RNA-directed DNA methylation. 
Pol V produces lncRNAs which act 
as a scaffold /target for AGO4-
siRNA binding. 
2009) A. thaliana 
COLD INDUCED 
LONG ANTISENSE 
INTRAGENIC RNA 
(COOLAIR). 
(Swiezewski et 
al., 2009; 
Csorba et al., 
2014) 
418 and 759 
nt transcripts. 
Two exons. 
Antisense 
exonic to FLC.  
Flowering 
time. 
COOLAIR transcription disrupts an 
FLC gene loop and facilitates the 
interaction with local chromatin 
that accelerates the transcriptional 
shutdown of FLC by H3K27me3.  
2011) A. thaliana 
COLD ASSISTED 
INTRONIC 
NONCODING RNA 
(COLDAIR). 
 
(Heo and 
Sung, 2011) 
1,100 nt, one 
exon. Sense 
intronic to 
FLC.  
Flowering 
time. 
Binds to CURLY LEAF, a component 
of PRC2. Guides the complex to 
FLC which encodes a floral 
repressor. PRC2 deposits 
repressive H3K27me3. 
2012) Oryza sativa 
LONG-DAY– 
SPECIFIC MALE-
FERTILITY–
ASSOCIATED RNA 
(LDMAR). 
(Ding et al., 
2012a; Ding et 
al., 2012b) 
1,236 nt, two 
exons. 
Intergenic 
lncRNA. 
Pollen fertility. 
Reduced LDMAR expression 
results in premature programmed 
cell death in developing anthers, 
causing photo-sensitive male 
sterility. 
2013) Oryza sativa 
phosphate 
homeostasis lncRNA 
cis-NATPHO1;2  
(Jabnoune et 
al., 2013) 
1,652 nt, one 
exon. 
Antisense to 
PHOSPHATE1;
2 (PHO1;2). 
 Phosphate 
homeostasis. 
cis-NATPHO1;2 transcription causes a 
shift of both PHO1;2 and cis-
NATPHO1;2 toward the polysomes, 
promoting PHO1;2 translation. 
2014) A. thaliana 
AUXIN REGULATED 
PROMOTER 
LOOP (APOLO). 
 
 
 
(Ben Amor et 
al., 2009; Ariel 
et al., 2014) 
835 nt, one 
exon. 
Intergenic 
lncRNA. 
Auxin 
controlled 
development. 
Induces a chromatin loop that 
represses transcription of PID, a 
kinase regulator of polar auxin 
transport.  
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2014) A. thaliana 
ALTERNATIVE 
SPLICING 
COMPETITOR (ASCO). 
(Ben Amor et 
al., 2009; 
Bardou et al., 
2014) 
910 nt, one 
exon. 
Intergenic 
lncRNA. 
Lateral root 
development. 
ASCO binds to nuclear speckle 
RNA-binding proteins, being a 
decoy while the ratio of alternative 
spliced mRNA transcripts increase. 
Inhibits lateral root formation. 
2014b) A. thaliana 
HIDDEN TREASURE 1 
(HID1). 
(Wang et al., 
2014c) 
236 nt, one 
exon. 
Intergenic 
lncRNA. 
Photomorpho-
genesis (short 
hypocotyl). 
Associates with protein complexes 
and is targeted to the chromatin of 
PHYTOCHROME-INTERACTING 
FACTOR 3 (PIF3) to repress its 
transcription.  
2014) A. thaliana 
ANTISENSE RNA of 
HEAT STRESS 
TRANSCRIPTION 
FACTOR B 2a 
(asHSFB2a). 
(Wunderlich 
et al., 2014) 
1,458 nt, one 
exon. 
Antisense 
exonic to 
HSFB2a. 
Vegetative 
and 
gametophytic 
development.  
HSFB2a and asHSFB2a are potent 
inhibitors of each other, where 
asHSFB2a buffers the HSFB2a 
dependent heat shock response. 
2017) A. thaliana 
COLDWRAP 
(Kim and 
Sung, 2017) 
316 nt, one 
exon. 
Intergenic, 
promoter 
region of FLC. 
Flowering 
time. 
Binds to CURLY LEAF, a component 
of PRC2. Guides the complex to 
FLC which encodes a floral 
repressor. PRC2 deposits 
repressive H3K27me3. 
2017) A. thaliana 
ELF18-INDUCED 
LONG NON-CODING 
RNA 1 (ELENA1) 
(Seo et al., 
2017) 
589 nt, one 
exon. 
Intergenic 
lncRNA. 
Bacterial 
disease 
response and 
resistance. 
Binds to MEDIATOR SUBUNIT 19a 
(MED19a) and targets MED19a to 
the promoter of PATHOGENESIS-
RELATED GENE 1 (PR1). PR1 
expression increases, conferring 
disease resistance. 
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Figure 1.2 Regulatory mechanisms of functionally characterised plant lncRNAs. Plant lncRNAs have diverse 
regulatory roles, which are summarised from the reports available. In the nucleus, plant lncRNAs can facilitate 
chromatin modifications or alter DNA structure to regulate transcription. Other plant lncRNAs enhance 
transcription, promote alternative (Alt.) splicing, or form dsRNA with a protein coding transcript to alter 
expression. Pol IV and V lncRNAs can be transcribed at a protein coding gene and function in RNA-directed DNA 
methylation (RdDM) at the locus. LncRNAs can be molecular guides, re-localising RNA binding proteins from 
nucleus to cytoplasm, or traffic mRNAs to polysomes to promote translation. In the cytoplasm, lncRNAs are 
decoys that prevent mRNA degradation from post-transcriptional gene silencing machinery. Other plant 
lncRNAs may associate with RNA binding proteins and aid in their function. LncRNAs can bind to multiple 
proteins, potentially assembling protein complexes. These protein complexes can be guided to the nucleus to 
alter chromatin. Lastly, lncRNAs may be nothing more than transcriptional noise, having no function. Despite 
reports of approximately 40,000 potential lncRNAs, less than 1% have a demonstrated function. 
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1.1.5 Plant lncRNAs function as molecular guides 
One molecular function of lncRNAs is to act as guides, binding to RNA, proteins 
and/or protein complexes to facilitate localisation to a target, such as the locus of lncRNA 
transcription. In plants, the A. thaliana FLOWERING LOCUS C (FLC) is a floral repressor that 
undergoes lncRNA-facilitated cis-regulation to control flowering time as illustrated in Figure 
1.3 (Ietswaart et al., 2012). COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR) is a 1,100 
nt lncRNA located within the first intron (sense direction) of FLC (Heo and Sung, 2011). 
Induced by vernalisation (exposure to extended cold such as winter), COLDAIR recruits the 
histone methyltransferase Polycomb Repressive Complex 2 (PRC2) to FLC chromatin (Heo 
and Sung, 2011). Vernalisation induces repression of FLC, although it is not clear how, or to 
what extent lncRNAs are required for the initial repression (Helliwell et al., 2011; Helliwell et 
al., 2015). However, long term epigenetic silencing occurs under prolonged vernalisation, 
where a plant homeodomain PRC2 forms which deposits the repressive mark histone 3 
lysine 27 trimethylation (H3K27me3) at the first intron of FLC (Wood et al., 2006; De Lucia et 
al., 2008; Heo and Sung, 2011). Recently, a second lncRNA, COLDWRAP, was also 
demonstrated to recruit PRC2 to FLC chromatin to establish long term repression (Kim and 
Sung, 2017). The 316 nt COLDWRAP is transcribed from the repressed FLC promoter and 
spreads the initial H3K27me3 at the first intron to the promoter region (Kim and Sung, 
2017). With the floral repressor FLC silenced, flowering occurs. Currently, COLDAIR and 
COLDWRAP are the only plant lncRNAs empirically demonstrated to bind to PRC2 (Heo and 
Sung, 2011; Kim and Sung, 2017). Both bind to the methyltransferase subunit CURLY LEAF, 
which is expressed throughout vegetative development and vernalisation (Heo and Sung, 
2011; Kim and Sung, 2017). Other forms of this subunit and PRC2 exist in different 
developmental stages of A. thaliana (Hennig and Derkacheva, 2009; Mozgova and Hennig, 
2015). 
In humans, it has been estimated that 20% of lncRNAs bind to PRC2 (Khalil et al., 
2009). Only two plant lncRNAs have been demonstrated to bind to PRC2 (COLDAIR and 
COLDWRAP) (Heo and Sung, 2011; Kim and Sung, 2017), however it is likely there are many 
more. PRC2 bound lncRNAs facilitate crucial regulatory roles in higher eukaryotes. For 
instance, in mouse, PRC2 bound lncRNA BRAVEHEART was identified to have critical roles in 
the establishment of the cardiovascular lineage during mammalian development 
(Klattenhoff et al., 2013). Other PRC2 bound lncRNAs can have detrimental effects to normal 
development. During human breast cancer, the homeotic HOX loci lncRNA HOTAIR becomes 
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de-regulated, whereby its increased expression hijacks PRC2, leading to altered H3K27me3 
and gene expression, that increases cancer metastasis (Gupta et al., 2010). Interestingly, the 
binding capacity of lncRNAs to PRC2 can be regulated. LncRNAs such as HOTAIR are targeted 
by post-transcriptional methylation of RNA cytosine residues to 5-methylcytosine (m5C), 
which negatively affects their association with PRC2 (Amort et al., 2013). However it is 
important to note that lncRNAs are not the only mechanism to recruit PRC2. In Drosophila, 
cis-regulatory sequence motifs called Polycomb response elements recruit PRC2 by 
sequence specific DNA binding proteins (Bauer et al., 2016; Ray et al., 2016). As Polycomb 
response elements appear to have poor sequence conservation, their identification in 
mammals and plants has been difficult. Despite relatively few reports, Polycomb response 
elements may nevertheless be present throughout plant genomes and have integral roles in 
PRC2 mediated repression (Buzas et al., 2012; Deng et al., 2013).  
In A. thaliana, the lncRNA HIDDEN TREASURE 1 (HID1) is a predicted molecular guide 
for protein complex(es) (Wang et al., 2014c; Wang et al., 2014d). HID1 promotes seedling 
photomorphogenesis (short hypocotyl) in continuous red light by acting in trans on 
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3), a basic helix–loop–helix transcription factor 
known to be a key repressor of photomorphogenesis (Wang et al., 2014c). By cellular 
fractionation methods, HID1 was found to be located in the nucleoplasm and chromatin, 
where it was predicted to directly regulate transcription. Indeed, Wang et al. (2014c) found 
that HID1 was assembled into large nuclear protein–RNA complex(es) of approximately 500 
kDa and associates with the chromatin of the first intron of PIF3 to repress its transcription. 
Surprisingly, HID1 (chromosome 2) acting in trans on PIF3 (chromosome 1) at such a distance 
is rare, as most repressive complex associated lncRNAs in mammals act in cis where 
transcribed (Guil and Esteller, 2012; Quinn and Chang, 2016). Which protein complex(es) 
HID1 guides is unknown, although a repressive complex such as the PRC2, or other 
chromatin modifying complex(es) are likely. Interestingly, HID1 (236 nt) is much smaller than 
COLDAIR (1,100 nt) and contains two RNA secondary structure stem loops essential for 
function that COLDAIR does not (Wang et al., 2014c). Accordingly, plant lncRNAs could be 
guiding and/or assembling many chromatin modifying complexes other than the PRC2.  
Alternative to facilitating transcriptional repression, plant lncRNAs can act as 
molecular guides to enhance transcription. When A. thaliana is infected with Pseudomonas 
syringe, bacterial translation elongation factor Tu (elf18) causes a signal transduction that 
promotes transcription of a 589 nt intergenic lncRNA; ELF18-INDUCED LONG NON-CODING 
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RNA 1 (ELENA1) (Seo et al., 2017). By reducing ELENA1 transcripts by an artificial miRNA, Seo 
et al. (2017) found that PATHOGENESIS-RELATED GENE 1 (PR1) transcription was reduced 
and A. thaliana was susceptible to the pathogen. When ELENA1 is expressed, it binds to 
MEDIATOR SUBUNIT 19a (MED19a) and targets MED19a to the promoter of PR1 (Seo et al., 
2017). This promotes PR1 expression, which in turn confers a plant immune response that 
combats the pathogen. Thus, a plant lncRNA was identified as necessary for pathogen 
response and disease resistance.  
Another report of plant lncRNAs functioning as molecular guides includes the Oryza 
sativa cis-NATPHO1;2, which is antisense to phosphate homeostasis gene PHOSPHATE1;2 
(PHO1;2) (Jabnoune et al., 2013). cis-NATPHO1;2 is strongly up-regulated under phosphate 
deficiency, but not PHO1;2. Despite that the 1,652 nt cis-NATPHO1;2 transcript encodes three 
open reading frames (ORFs) of 160, 136 and 103 amino acids, Jabnoune et al. (2013) 
demonstrated by epitope tagging that no polypeptide was produced. Down-regulation of cis-
NATPHO1;2 by RNA interference resulted in a decrease in PHO1;2 protein, impaired transfer of 
phosphate from root to shoot, and decreased seed yield. Overexpression of the lncRNA 
transcript increased PHO1;2, however PHO1;2 mRNA was unaltered. cis-NATPHO1;2 expression 
was found to cause a shift of both PHO1;2 and cis-NATPHO1;2 toward the polysomes, 
promoting PHO1;2 translation, thus affecting phosphate homeostasis (Jabnoune et al., 
2013). Interestingly, this is the only report of a lncRNA guiding mRNA.  
The last example of plant lncRNAs functioning as molecular guides comes from the 
first plant ncRNA identified. The Medicago truncatula EARLY NODULIN 40 (ENOD40) 
intergenic lncRNA is a 675 bp cDNA that was induced during nodulation (Crespi et al., 1994). 
In vitro translation of purified ENOD40 transcripts revealed no protein product, however, a 
stable RNA secondary structure was predicted. Crespi et al. (1994) demonstrated that 
ENOD40 was cytoplasmic localised in nodule primordium cells. Knockdown of ENOD40 
arrested callus growth while overexpression induced tumour growth (teratomas). 
Subsequent studies demonstrated that ENOD40 interacts with M. truncatula RNA binding 
protein 1 (MtRBP1), which is localised in proximity to splicing machinery within nuclear 
speckles. ENOD40 re-localises MtRBP1 from nuclear speckles to cytoplasmic granules during 
nodulation, where MtRBP1 is predicted to have a role in root nodule organogenesis 
(Campalans et al., 2004). Recently in A. thaliana, over 700 RNA binding proteins (300 being 
highly confident) were reported (Reichel et al., 2016). It is theoretically possible that many 
more lncRNAs are binding to and guiding proteins.  
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Figure 1.3 Plant lncRNAs function as molecular guides. LncRNAs can bind to RNA, protein and/or protein 
complexes to facilitate localisation to a target. (A) In this example, COLD ASSISTED INTRONIC NONCODING RNA 
(COLDAIR, purple) is a sense intronic lncRNA of FLOWERING LOCUS C (FLC, green) (Heo and Sung, 2011). FLC is 
transcribed (green), encoding a floral repressor; COLDAIR is induced by vernalisation (exposure to extended 
cold such as winter). (B) COLDAIR recruits the histone methyltransferase Polycomb Repressive Complex 2 
(PRC2) to FLC chromatin. FLC is repressed, although initial repression is poorly understood. Long term silencing 
of FLC occurs by prolonged vernalisation and formation of a plant homeodomain PRC2 which deposits the 
epigenetic mark histone 3 lysine 27 trimethylation (H3K27me3, red hexagon) (Wood et al., 2006; De Lucia et 
al., 2008). As FLC is a floral repressor, when FLC is silenced (red), flowering occurs. It has been demonstrated 
that COLDAIR binds to the methyltransferase subunit, CURLY LEAF (CLF) (Heo and Sung, 2011). Other subunits 
of the vernalisation PRC2 are VERNALIZATION 2 (VRN2), FERTILISATION INDEPENDENT ENDOSPERM (FIE) and 
MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Wood et al., 2006; Mozgova and Hennig, 2015). 
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1.1.6 Plant lncRNAs act as decoys 
 The function of lncRNAs can solely be to act as a decoy in another process. For 
instance, lncRNAs can act as competitive endogenous RNAs (ceRNAs), sequestering the 
activity of miRNAs (Thomson and Dinger, 2016). Also known as miRNA sponges or target 
mimics, ceRNAs have also been identified in plants and their function is illustrated in Figure 
1.4. A. thaliana INDUCED BY PHOSPHATE STARVATION 1 (IPS1) was initially identified as a 
phosphate starvation responsive gene (Martin et al., 2000). However, Franco-Zorrilla et al. 
(2007) identified that the 542 nt IPS1 has an unlikely protein coding ORF of up to 4 amino 
acids, yet surprisingly contained a 23 nt motif with sequence complementarity to the 
phosphate starvation induced miRNA miR399. The complementarity is imperfect and when 
miR399 binds to IPS1, a mismatched loop at the expected miRNA cleavage site appears to 
prevent cleavage by ARGONAUTE-miR399 (Franco-Zorrilla et al., 2007). Resisting 
degradation, IPS1 sequesters miR399, preventing degradation of miR399 target E2 ubiquitin 
conjugase–related protein PHO2, which regulates phosphate levels. Functional experiments 
by Franco-Zorrilla et al. (2007) indicated ISP1 overexpression increases PHO2 to enable 
phosphate regulation. After screening for miRNA target sequences in A. thaliana and O. 
sativa lncRNAs, Wu et al. (2013) reported 20 conserved miRNAs that were predicted to be 
regulated by 36 and 189 lncRNAs respectively, that act as ceRNAs. These lncRNAs were 
expressed in multiple tissues. miR160 and miR166 sequestration were functionally 
confirmed, three others confirmed by a transient Agrobacterium-infiltration assay (Wu et al., 
2013). Interestingly, the miRNA target sequences were found to be conserved between 
ceRNAs, but the surrounding sequences were poorly conserved.  
 In mammals, lncRNAs can also act as a decoy by preventing association of regulatory 
proteins with their target (Rinn and Chang, 2012). For example, under nutrient deprivation 
conditions, cell expenditure on transcription of metabolic genes is prevented by the lncRNA 
Growth arrest-specific 5 (Gas5) which acts as a decoy by binding to the glucocorticoid 
receptor responsible for the transcription of these genes (Kino et al., 2010). There have been 
minimal reports of such activity in plants. As ENOD40 re-localises MtRBP1 from nuclear 
speckles to cytoplasmic granules during nodulation, could be considered a decoy effect 
(Crespi et al., 1994; Campalans et al., 2004). However, the A. thaliana lncRNA ALTERNATIVE 
SPLICING COMPETITOR (ASCO) has been demonstrated to have a decoy effect (Ben Amor et 
al., 2009; Bardou et al., 2014). Similar to ENOD40, ASCO binds to MtRBP1 homolog nuclear 
speckle RNA-binding proteins (AtNSRs). Nuclear speckles are implicated in transcription and 
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mRNA processing, while AtNSRs have been shown to regulate alternative splicing of mRNAs 
(Bardou et al., 2014). When ASCO is expressed, it modulates the binding of an alternative 
spliced target to an AtNSR-containing complex, likely through target displacement, thus 
being a decoy while the ratio of alternative spliced mRNA transcripts increases (Bardou et 
al., 2014). Alternative splicing can occur in more than 60% of intron containing genes and 
has functional roles in plant development (Marquez et al., 2012). Bardou et al. (2014) 
demonstrated that ASCO-induced alternative splicing controlled plant root development by 
preventing lateral root formation. 
 
 
 
 
Figure 1.4 Plant lncRNAs act as decoys, being competitive endogenous RNAs (ceRNAs). (A) The RNA-induced 
silencing complex (RISC), consisting of an ARGONAUTE (AGO, blue) and a micro RNA (miRNA, black), is targeted 
by complementarity of a miRNA to a target mRNA (red) (Gorski et al., 2017). AGO cleaves the transcript, which 
is subsequently degraded, preventing translation. (B) Plant lncRNAs (purple) can be ceRNAs, sequestering 
miRNAs to prevent degradation of the genuine miRNA targets (green). The miRNA has imperfect 
complementarity to the lncRNA creating a mismatched loop that prevents cleavage of the lncRNA (Franco-
Zorrilla et al., 2007). Free from the RISC, the target mRNA undergoes translation to a protein by a ribosome 
(yellow). 
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1.1.7 Antisense plant lncRNAs regulate mRNAs 
As many lncRNAs are transcribed on the opposite strand of protein coding genes, 
they share complementarity with mRNAs and can have a direct cis-regulatory role based on 
this complementarity (Figure 1.5). This can result in positive regulation, such as cis-NATPHO1;2 
trafficking PHO1;2 toward the polysomes to increase levels of PHO1;2 for phosphate 
homeostasis, as previously discussed (Jabnoune et al., 2013). A study of Fusarium oxysporum 
infection of A. thaliana revealed several induced lncRNAs that were antisense to protein 
coding transcripts implicated in pathogen defence, having a potential cis regulatory role (Zhu 
et al., 2013). However, most commonly, antisense transcription can form a long stretch of 
double stranded RNA (dsRNA) with the sense transcript, which can then be processed and 
regulated by RNA silencing pathways (Baulcombe, 2004). This has been a well-studied 
characteristic of NATs (Lu et al., 2012; Li et al., 2013; Wang et al., 2014a), whereby 
overlapping convergent protein-coding gene transcription can occur to regulate salt stress 
(Borsani et al., 2005) and fertilisation (Ron et al., 2010). 
In Petunia hybrida, SHOOTING (SHO) encodes an enzyme responsible for the 
synthesis of plant cytokinins that increases shoot length development (Zubko et al., 2002). 
Zubko and Meyer (2007) reported that at the 3’ end of the SHO gene, an antisense promoter 
produces a 639 nt antisense transcript which overlaps with the 1,053 nt SHO by 450 bp. The 
antisense transcript has an ORF of 213 amino acids, possibly being protein coding, however 
no corresponding peptide has been discovered and therefore this RNA is predicted to be a 
lncRNA. As a result of the antisense transcript, dsRNA forms and a pool of 24 and 35 nt RNAs 
was detected, corresponding to dsRNA breakdown products (Zubko and Meyer, 2007). 
Accordingly, as the SHO transcript was being degraded, no translation occurred. This 
observation occurred in multiple tissues but not roots, a primary source of cytokinin 
synthesis, where SHO was expressed (Zubko and Meyer, 2007). Currently, this type of 
regulation is no longer novel and has been extensively reported. Cleavage of dsRNA can 
occur by an RNase III-like protein called DICER, into 21–28 nt small RNAs (sRNAs) (Bologna 
and Voinnet, 2014). This is part of sRNA silencing pathways, where the generated sRNAs are 
loaded into ARGONAUTE and target mRNAs (Gorski et al., 2017).  
In A. thaliana, HEAT STRESS TRANSCRIPTION FACTOR B 2a (HSFB2a) is required for 
female gametophyte development and is a negative regulator of vegetative growth (Nover 
et al., 2001; Wunderlich et al., 2014). Wunderlich et al. (2014) identified a 1,458 nt lncRNA 
antisense to HSFB2a (asHSFB2a), which completely overlaps all exons of HSFB2a. When 
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asHSFB2a was constitutively transcribed, HSFB2a could not be detected, 45% of ovules were 
sterile and there was a 58% increase in seedling biomass. Conversely, when HSFB2a was 
overexpressed, asHSFB2a could not be detected, some sterile ovules were still seen (24%), 
however, there was a 15% decrease in biomass of seedlings (Wunderlich et al., 2014). These 
experiments demonstrated that HSFB2a and asHSFB2a are potent cis inhibitors, buffering 
the expression of each other. How the expression of one transcript reduces the other is 
unknown. Formation of dsRNA and cleavage is one possibility (Bologna and Voinnet, 2014). 
As asHSFB2a is strongly induced under heat, it was proposed that this caused a reduction in 
female gametophyte fertility and increase of seedling biomass, as a heat stress response 
(Wunderlich et al., 2014). However, interestingly, the data suggests that some asHSFB2a 
transcription is also necessary for complete female gametophyte fertility, possibly to 
precisely control levels of HSFB2a transcription. 
In mammals, the transcription of some antisense lncRNAs has been implicated in 
regulating mRNA expression by transcriptional interference. When sense and antisense 
transcripts are simultaneously expressed, this causes a Pol II collision, creating 
transcriptional interference (Pelechano and Steinmetz, 2013). For instance, the lncRNA Airn 
is antisense to insulin-like growth factor 2 receptor (Igf2r) and its transcription silences Igf2r 
by interfering with the recruitment of the transcriptional machinery to the Igf2r promoter 
(Latos et al., 2012). Although this phenomenon has not been identified in plants, Pol II 
transcriptional interference could potentially be a cis-regulatory role of antisense 
transcription (Guil and Esteller, 2012). If correct, the antisense transcript produced may only 
be a by-product of the transcriptional silencing, having no molecular function. 
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Figure 1.5 Antisense exonic lncRNAs regulate mRNAs. Many lncRNAs are transcribed on the opposite strand of 
protein coding genes whereby both transcripts have portions of overlapping, complementary sequences. 
Accordingly, lncRNAs can have a direct cis-regulatory role with the mRNA. For instance, formation of double 
stranded RNA (dsRNA) can undergo cleavage and degradation by RNA silencing pathways (Zubko et al., 2002). 
Alternatively, the lncRNA can bind and transport the mRNA to polysomes to enhance translation (Jabnoune et 
al., 2013). In mammals, convergent RNA polymerase (Pol) transcription can cause a Pol collision or 
transcriptional interference (Pelechano and Steinmetz, 2013), which is also a possibility in plants.  
 
 
1.1.8 Plant lncRNAs function in RNA-directed DNA methylation 
Transcriptional gene silencing is an epigenetic process that regulates expression by 
DNA methylation (Bologna and Voinnet, 2014). An extension of this is RdDM, which is plant 
specific as the process is mediated by Pol IV and Pol V (Matzke et al., 2015). LncRNAs have 
multiple roles in these processes, which is summarised in Figure 1.6. Firstly, lncRNAs that are 
transcribed by Pol II can form hairpin loop secondary structures or alternatively dsRNA with 
protein coding transcripts, both of which can be cleaved by DICER-like 3 (DCL3) into 24 nt 
siRNAs (Borges and Martienssen, 2015). This includes the SHO-antisense lncRNA (Zubko and 
Meyer, 2007) and many cis-NAT pairs, whether coding or non-coding (Lu et al., 2012; Li et 
al., 2013; Wang et al., 2014a). 24 nt siRNAs are loaded into an ARGONAUTE family protein, 
primarily ARGONAUTE 4 (AGO4), to guide this protein to a target gene or transcript 
(Zilberman et al., 2003). At the target, DNA methyltransferase DOMAINS REARRANGED 
METHYLTRANSFERASE 2 (DRM2) is recruited, to catalyse de novo cytosine methylation 
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(Naumann et al., 2011). Interestingly, mammalian RNAs have been demonstrated to 
associate with and sequester DNA methyltransferases, preventing repressive methylation of 
the target (Di Ruscio et al., 2013). 
 Alternatively, siRNAs can be derived from lncRNAs that are transcribed by Pol IV 
(Herr et al., 2005; Onodera et al., 2005; Li et al., 2015a). These Pol IV lncRNA transcripts are 
converted to dsRNA by RNA dependent RNA polymerase 2 (RDR2) (Wassenegger and Krczal, 
2006). Pol IV and RDR2 have been shown to physically associate in vivo, suggesting they are 
coupled together and nascent Pol IV RNA is converted to dsRNA at the site of transcription 
(Haag et al., 2012). Accordingly, the dsRNA can then be cleaved by DCL3 into 24 nt siRNAs 
that are loaded into AGO4. Pol IV derived lncRNAs have been demonstrated to produce 
siRNAs that are necessary to silence transposons and repetitive regions (Pontier et al., 2005) 
 Lastly, lncRNA transcripts can be the siRNA-AGO4 target. It has been reported that 
Pol V generates non-coding transcripts at loci silenced by 24 nt siRNAs (Wierzbicki et al., 
2008). Subsequently, it has been demonstrated that AGO4 physically interacts with these 
transcripts, being recruited to the transcription locus by siRNA-lncRNA complementarity 
(Wierzbicki et al., 2009). Chromatin immuno-precipitation RNA-seq experiments have 
proposed that the majority of siRNA-AGO4 target binding is dependent on Pol V transcripts, 
especially at transposable elements (Zheng et al., 2013). DRM2 has also been found to 
associate with Pol V lncRNAs, which is AGO4 dependent (Bohmdorfer et al., 2014). The 
recruitment of DRM2 leads to de novo cytosine methylation at the loci, however as the Pol V 
lncRNA is flexible, methylation can also occur at overlapping and adjacent genes (Wierzbicki 
et al., 2008). Interestingly, Pol II lncRNAs have been implicated in recruiting Pol V, being a 
proposed mechanism that initiates the silencing process (Zheng et al., 2009).  
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Figure 1.6 Plant lncRNAs in transcriptional gene silencing by RNA-directed DNA methylation (RdDM). 
LncRNAs that are transcribed by Pol II (purple) can form hairpin loop secondary structures or alternatively 
dsRNA with protein coding transcripts (black), both of which can be cleaved by DICER-like 3 (DCL3) into 24 nt 
siRNAs (yellow) (Borges and Martienssen, 2015). Accordingly, the mRNA transcript is degraded and not 
translated. Alternatively, siRNAs can be derived from Pol IV lncRNAs (pink) (Herr et al., 2005). These transcripts 
are converted to dsRNA by RNA dependent RNA polymerase 2 (RDR2) and then cleaved by DCL3 (Wassenegger 
and Krczal, 2006). 24 nt siRNAs are loaded into an ARGONAUTE 4 (AGO4, blue), to guide this protein to a target 
(Zilberman et al., 2003). At the target, DNA methyltransferase DOMAINS REARRANGED METHYLTRANSFERASE 2 
(DRM2, brown) is recruited, to catalyse de novo cytosine methylation (red hexagon, CH3) (Naumann et al., 
2011). Lastly, Pol V lncRNAs (burgundy) can be transcribed to be the siRNA-AGO4 target to specifically silence 
that locus, including overlapping and adjacent genes (Wierzbicki et al., 2008). AGO4 and DRM2 physically 
interact with these lncRNAs, thus being recruited to the site of transcription (Wierzbicki et al., 2009; 
Bohmdorfer et al., 2014).  
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1.1.9 Plant lncRNAs re-organise nuclear architecture 
LncRNAs can alter the genomic organisation of the locus they are transcribed from, 
regulating transcription of one or multiple genes (Engreitz et al., 2016). For instance, 
dynamic transcription of A. thaliana intergenic lncRNA AUXIN REGULATED PROMOTER LOOP 
(APOLO) creates a repressive chromatin loop that regulates a gene over 5kb upstream, as 
illustrated in Figure 1.7 (Ariel et al., 2014). This chromatin loop encompasses the promoter 
of the protein kinase PINOID (PID), which controls the localisation of auxin efflux regulators 
(Friml et al., 2004). The chromatin loop at the PID promoter prevents Pol II accessibility, thus 
PID is silenced (Ariel et al., 2014). When the loop is in place, APOLO is also silenced, 
however, by cytosine DNA methylation. Ariel et al. (2014) demonstrated that auxin 
treatment increases PID and APOLO transcription, proposing auxin responsive demethylases 
target APOLO (Law and Jacobsen, 2010). Demethylation of APOLO was found to destabilise 
and open the chromatin loop, thus with an accessible promoter, PID transcription occurs by 
Pol II (Ariel et al., 2014). Similarly, free of methylation, APOLO transcription by Pol II occurs, 
but at a lower level. Gradually, Pol II APOLO transcripts recruit and bind to LIKE 
HETEROCHROMATIC PROTEIN 1 (LHP1) (Ariel et al., 2014). LHP1 is a predicted subunit of the 
elusive plant PRC1, which can cause chromatin compaction (Merini and Calonje, 2015). The 
activity of Pol II transcribing APOLO recruits Pol V (Zheng et al., 2009), which ultimately also 
transcribes APOLO (Ariel et al., 2014). LHP1 binds to the APOLO locus and PID promoter 
facilitating chromatin loop formation (Ariel et al., 2014). Despite the fact that LHP1 co-
localises with H3K27me3 (Turck et al., 2007; Zhang et al., 2007), LHP1 binding is facilitated by 
APOLO (Ariel et al., 2014). H3K27me3 does subsequently increase (Ariel et al., 2014), likely 
because PRC2 component MSI1 can bind to LHP1 (Derkacheva et al., 2013). Whether a 
lncRNA is bound to the PRC2 is not known. The Pol V APOLO acts as a target for an siRNA 
directed AGO4 (Wierzbicki et al., 2009) and DRM2 (Bohmdorfer et al., 2014), for RdDM de 
novo cytosine methylation and silencing of APOLO (Ariel et al., 2014). This DNA methylation 
stabilises the chromatin loop, which in turn, represses PID. 
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Figure 1.7 Plant lncRNAs re-organise nuclear architecture. By altering chromatin or chromosomal structures, 
the transcription of gene models at the loci can be regulated. In this example, A. thaliana intergenic lncRNA 
AUXIN REGULATED PROMOTER LOOP (APOLO) represses the protein kinase PINOID (PID), by dynamic 
transcription that induces formation of a chromatin loop (Ariel et al., 2014). (A) Chromatin looping of intergenic 
space between PID and APOLO is present as a result of RNA-protein interactions and epigenetic modifications. 
As the chromatin loop encompasses the PID promoter, RNA polymerase (Pol) cannot initiate transcription, thus 
PID is silenced. APOLO is also silenced, by cytosine DNA methylation (red hexagons, CH3). After auxin 
treatment (olive), demethylation of APOLO is initiated, by auxin responsive demethylases. (B) After 
demethylation of APOLO, the chromatin loop is destabilised. As the PID promoter is accessible, PID 
transcription occurs by Pol II (purple). Without repressive DNA methylation, APOLO is also transcribed by Pol II, 
which leads to recruitment and binding to, LIKE HETEROCHROMATIC PROTEIN 1 (LHP1, orange). The activity of 
Pol II also recruits Pol V (burgundy), which also transcribes APOLO. (C) APOLO bound LHP1s (one is shown for 
simplicity) bind along the PID promoter and APOLO locus, facilitating chromatin loop formation and 
suppression of PID. The Pol V APOLO recruits ARGONAUTE 4 (AGO4, blue, targeted by a siRNA, yellow) and 
ultimately DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2, brown), which catalyses de novo cytosine 
methylation. This DNA methylation stabilises and maintains the chromatin loop.  
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Besides APOLO, only one other plant lncRNA has been implicated in re-organising 
nuclear architecture. In A. thaliana, COLD INDUCED LONG ANTISENSE INTRAGENIC RNA 
(COOLAIR) (Swiezewski et al., 2009) is a lncRNA involved in cis regulation of FLC to control 
flowering time (Ietswaart et al., 2012). Although the function of COOLAIR was initially 
unknown, it has since been demonstrated to have a physical association with FLC, repressing 
transcription by altering chromatin structure (Csorba et al., 2014). FLC is organised and 
transcribed within a chromatin gene loop that joins the 5’ of FLC to the 3’ (Crevillen et al., 
2013). The transcription of COOLAIR disrupts this gene loop and facilitates the interaction 
with local chromatin that accelerates the transcriptional shutdown of FLC as a switch from 
histone 3 lysine 36 methylation (H3K36m, positive mark) to H3K27me3 (repressive mark) 
occurs (Csorba et al., 2014). H3K27me3 occurs by PRC2 recruitment to FLC by COLDAIR (Heo 
and Sung, 2011), as previously discussed. However, the function and purpose of COOLAIR is 
less understood; as FLC antisense transcription is not required to silence FLC, COOLAIR 
appears to have a redundant function in the process (Helliwell et al., 2011). 
Lastly, it is important to note that unlike APOLO and COOLAIR, the majority of 
mammalian lncRNAs that alter nuclear architecture are transcriptional enhancers (Engreitz 
et al., 2016). By unique positioning, these lncRNAs can induce a chromosomal looping that 
activates the locus. For instance, the nascent transcript of the mammalian lncRNA HOXA 
transcript at the distal tip (HOTTIP) facilitates chromosomal looping to bring distant HOXA 
development genes into proximity, whereby it recruits a chromatin modifying complex to 
deposit the transcriptional activating epigenetic mark H3K4me3 (Wang et al., 2011). 
Although identified to be necessary for mammalian development, HOTTIP has also been 
linked in the progression of several carcinomas (Quagliata et al., 2014).  
 
 
1.1.10 Plant lncRNAs are potentially scaffolds for protein complexes 
In mammals, lncRNAs have been found to function as a scaffold, being a platform for 
the assembly of proteins into regulatory complexes, as illustrated in Figure 1.8 (Engreitz et 
al., 2016). Accordingly, dynamic lncRNA expression can lead to cell specific RNA-protein 
complexes that have unique transcriptional regulatory roles (Guttman et al., 2011). 
Extending upon lncRNAs acting as molecular guides, lncRNAs can bind to and recruit multiple 
complexes; Tsai et al. (2010) empirically demonstrated that the lncRNA HOTAIR 
simultaneously binds to at least two histone modifying complexes. Other lncRNAs can be the 
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foundation for the formation of intracellular bodies. For instance, the 23 kb NUCLEAR 
ENRICHED ABUNDANT TRANSCRIPT 1 (NEAT1) is necessary for the formation and structural 
integrity of ribonucleoprotein bodies known as paraspeckles, which regulate gene 
expression (Bond and Fox, 2009).  
Currently, no plant lncRNAs have been explicitly implicated as functioning as a 
scaffold. However, such a phenomenon is likely undiscovered rather than not present, due 
to limited lncRNA studies in plants. Currently, A. thaliana Pol V transcripts have been 
demonstrated to recruit proteins involved in RdDM, which could potentially be regarded as a 
scaffold for de novo cytosine methylation (Wierzbicki et al., 2009; Bohmdorfer et al., 2014). 
Another potential plant lncRNA scaffold is HID1, which was found assembled into large 
nuclear protein–RNA complex(es) of approximately 500 kDa (Wang et al., 2014c). 
Accordingly, HID1 is potentially a scaffold for a repressive protein complexes in addition to 
being a molecular guide to PIF3, where it facilitates repression.  
 
 
 
Figure 1.8 Plant lncRNAs potentially serve as a scaffold for protein complexes. LncRNAs (purple) can 
potentially bind to one or more proteins (A - D), being a scaffold for the assembly of a protein complex. 
Alternatively, lncRNAs can be a scaffold for the formation of regulatory bodies, such as paraspeckles (Bond and 
Fox, 2009). As plant lncRNA research is limited, no plant lncRNA scaffolds have been identified to date, despite 
many reports in mammals (Engreitz et al., 2016). Nevertheless, a plant lncRNA has been found to purify with 
large nuclear protein–RNA complex(es) (Wang et al., 2014c).  
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1.1.11 Plant lncRNAs are involved in plant fertility 
 Currently, plant lncRNAs have been identified in a wide range of developmental 
processes, such as root development (Li et al., 2013; Li et al., 2016), legume nodulation 
(Crespi et al., 1994; Campalans et al., 2004), cotton fibre expansion (Wang et al., 2015b), 
tomato fruit ripening (Zhu et al., 2015) and wood formation (Chen et al., 2015). An emerging 
area of interest is the involvement of lncRNAs in plant fertility and potentially seed 
development. As previously discussed, the A. thaliana lncRNA asHSFB2a negatively regulates 
HSFB2a under heat stress, causing a decrease in female gametophyte fertility (Wunderlich et 
al., 2014). In Oryza sativa, antisense transcription has been demonstrated to give rise to 
siRNAs that facilitates gametophyte formation and fertilisation (Ron et al., 2010). Although 
this originated from two overlapping protein coding genes lncRNAs can have the same 
function (Zubko and Meyer, 2007; Li et al., 2015a). There are two other reports exist that 
implicate lncRNAs in plant fertility and potentially seed development. 
In rice, fertility under long day conditions is regulated by a lncRNA. By mapping a 
spontaneous rice mutant exhibiting photoperiod-sensitive male sterility (PSMS) under long 
days, Ding et al. (2012a) identified a single nucleotide polymorphism (SNP) residing in a 
lncRNA; LONG-DAY–SPECIFIC MALE-FERTILITY–ASSOCIATED RNA (LDMAR). The SNP altered 
LDMAR secondary structure and induced RdDM at the LDMAR promoter region, which 
reduced transcription (Ding et al., 2012b). Although the molecular function of LDMAR is 
elusive, when decreased in expression, premature programmed cell death occurs in 
developing anthers under long-day conditions. This results in sterile pollen, thus causing 
PSMS. 
Also in rice, Zhang et al. (2014b) discovered a potential role of lncRNAs in sexual 
reproduction. By strand-specific RNA-seq of rRNA depleted RNA from anthers, pistils, seeds 5 
days after pollination and shoots 14 days after germination, 2,224 lncRNAs were identified. 
The lncRNAs were expressed in highly tissue specific or stage specific manners (Zhang et al., 
2014b). This included 10 lncRNA candidates that were preferentially expressed in 
reproductive tissues such as anthers, embryo, pistil and seeds. During functional analysis, 
Zhang et al. (2014b) identified that several of these lncRNAs act as ceRNAs, sequestering 
miR160 or miR164. Another lncRNA, which was specifically expressed in young panicles and 
pistils (particularly the ovules), exhibited earlier flowering and decreased fertility in a T-DNA 
insertion line of the lncRNA (Zhang et al., 2014b). Accordingly, this lncRNA was 
demonstrated to play a role in panicle development and fertility. 
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Currently there are no reports of lncRNAs involved in seed development. However, 
PRC2 is involved in many aspects of seed development (Mozgova and Hennig, 2015; 
Rodrigues and Zilberman, 2015) and plant lncRNAs have been demonstrated to bind to this 
complex (Khalil et al., 2009; Heo and Sung, 2011). This research project will attempt to 
elucidate lncRNAs involved in seed development.  
 
 
1.1.12 Fundamentals of seed development 
The dominant and most varied plants on earth are the Angiosperms, the flowering 
plants. Being able to produce fruits, grains and textiles, Angiosperms have been invaluable to 
humanity, which has led to their widespread cultivation in search for higher yields and 
superior quality. This research project will focus upon seed development in an effort to 
identify if lncRNAs are involved in the process. Seed development (and the subsequent 
production of fruits or grains) relies upon the unique yet complex process of double 
fertilisation. Independently discovered by Nawaschin (1898) and Guignard (1899), double 
fertilisation entails two independent fertilisations within a single female gametophyte, the 
ovule, which contains single nuclei eggs (haploid, 1n) but also contains a central cell with two 
polar nuclei (diploid, 2n). The male gametophyte, pollen grains consisting of a generative cell 
and a vegetative tube cell produces two haploid sperm nuclei which fertilise an egg cell and 
the diploid central cell (Berger et al., 2008; Dumas and Rogowsky, 2008). As a result, a 
diploid zygote is produced, in addition to a triploid endosperm (3n). The endosperm stores 
nutrients and nourishes the developing embryo. This is of great importance to humanity, as 
the endosperm constitutes 60% of the world’s food supply (Berger, 2003).  
 The endosperm of a seed is a unique feature in flowering plants that can have a 
complex influence on seed development. There are two distinct phases of endosperm 
development, the syncytial and the cellular phase (Berger, 2003). The syncytial stage is 
characterised by synchronous stages of mitoses lacking the cytokinesis step, producing a 
large cell composed of many hundred nuclei (Boisnard-Lorig et al., 2001). As the endosperm 
is triploid, there is an imbalance between the maternal and paternal genomic contributions; 
two maternal genomes are contributed compared to a single paternal genome (Dumas and 
Rogowsky, 2008). Interploidy crosses have elegantly demonstrated the importance of 
parental nuclear ratios in the ability of the endosperm to develop properly (Scott et al., 
1998). Interestingly, excess in maternal genome contribution causes decrease in seed size, 
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while an excess in paternal contribution is characterised by an increase in seed size (Scott 
and Spielman, 2006). Due to the non-Mendelian nature of these phenomena, a dosage 
effect has been identified based upon the differential parental ratios, which has expanded 
into research into imprinting.  
 
 
1.1.13 Imprinting 
 Imprinting is the allele-specific expression of a gene, where the differential 
expression of the two alleles is dependent upon the parent of origin (Kohler and Weinhofer-
Molisch, 2010; Rodrigues and Zilberman, 2015). A maternally imprinted gene is maternally 
silenced; expression only occurs from the paternal allele. Accordingly, this allele-specific 
expression is known as a paternally expressed gene (PEG). Vice versa for a paternally 
imprinted gene; the paternal allele is silenced, expression only occurs from the maternal 
allele, thus being a maternally expressed gene (MEG). The number of imprinted genes in 
plants is under debate, as many publications have not successfully distinguished between 
false-positives occurring from tissue contamination in experiments (Schon and Nodine, 
2017). Imprinting primarily occurs in the triploid endosperm, where regulatory pathways 
combat the dosage imbalance (Hsieh et al., 2009; Luo et al., 2011; Moreno-Romero et al., 
2016). Regulating dosage imbalance by imprinting is critical for correct endosperm 
development and thus seed development (Rodrigues and Zilberman, 2015). In A. thaliana, 
imprinted genes are silenced by two known epigenetic mechanisms; DNA methylation and 
the chromatin modification H3K27me3 (Jullien and Berger, 2009). The activity of the DNA 
methyltransferase MET1 maintains DNA methylation at CG nucleotide sites at the loci of an 
imprinted gene (Jullien et al., 2006b). The latter epigenetic mark, H3K27me3, is catalysed by 
PRC2 (Baroux et al., 2006; Jullien et al., 2006a). Typically for imprinted genes, both of the 
parental alleles are repressed in the plant sporophytes. The factor which determines which 
parental allele is expressed is determined by the selective demethylation which occurs 
during gametogenesis (Gutierrez-Marcos et al., 2006). There are two key steps during the 
selective demethylation that enables gene expression. This includes a retinoblastoma 
pathway activity to silence MET1 by binding to the MET1 promoter (Jullien et al., 2008). The 
second component is the removal of methyl groups by the DNA glycoslyase DEMETER (DME) 
(Choi et al., 2002). This is widespread in the central cell prior to fertilisation (Hsieh et al., 
2009), especially at repetitive regions (Gehring et al., 2009). The immediate reduction in 
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DNA methylation by MET1 silencing is not sufficient for allelic specific gene expression 
without DME activity, nor can DME activity alone be sufficient, both are required mutually.  
 Selective demethylation by DME activity in the central cell but not sperm cell, 
generally results in maternal expression (Hsieh et al., 2009). However, removal of DNA 
methylation can lead to maternal loci silencing by PRC2 facilitated H3K27me3, causing 
paternal expression (Rodrigues and Zilberman, 2015). Indeed, PRC2 is primarily responsible 
for many paternally expressed genes (Josefsson et al., 2006; Kradolfer et al., 2013b; Huang 
et al., 2017). During gametogenesis and seed development, the FERTILISATION 
INDEPENDENT SEEDS (FIS) PRC2 is active, which is only functional in the endosperm (Luo et 
al., 2000; Qiu et al., 2017). FIS PRC2 consists of MEDEA (MEA, originally FIS1, the 
methyltransferase component), FIS2, FERTILISATION INDEPENDENT ENDOSPERM (FIE, 
originally FIS3) and MULTICOPY SUPPRESSOR OF IRA1 (MSI1) (Mozgova and Hennig, 2015). 
Other forms of PRC2 exist in in other tissues, however MEA and FIS2 are specific to FIS PRC2, 
being expressed only in the central cell and endosperm (Luo et al., 2000; Qiu et al., 2017). 
Both MEA and FIS2 are maternally expressed (Kinoshita et al., 1999; Luo et al., 1999; Vielle-
Calzada et al., 1999) and the maternal MEA has high specificity to silence (auto regulate) the 
paternal MEA over other targets (Erilova et al., 2009). In A. thaliana, certain mutations in 
MEA, FIS2, FIE and MSI1 enable autonomous endosperm development in the absence of 
fertilisation (Ohad et al., 1996; Chaudhury et al., 1997; Luo et al., 1999; Kohler et al., 2003). 
Such mutations have demonstrated that FIS PRC2 controls key aspects of endosperm and 
thus seed development. This can also be seen in interploidy crosses, including distant 
hybrids, where FIS PRC2 target genes become de-regulated (Tonosaki et al., 2016). In 
particular, paternally expressed genes, which have been shown to negatively control 
endosperm cellularisation (Kradolfer et al., 2013b; Wolff et al., 2015). 
Without appropriate regulation of imprinted genes, endosperm failure occurs, 
blocking seed development (Marks, 1966; Hehenberger et al., 2012). It is possible that 
lncRNAs are potentially binding to FIS PRC2 to regulate imprinting. Although no studies have 
demonstrated this, lncRNAs have been identified bound to PRC2 to regulate gene expression 
and thus development (Khalil et al., 2009; Heo and Sung, 2011; Kim and Sung, 2017). It is 
also possible that lncRNAs are imprinted, as at least two PRC2 components are maternally 
expressed, MEA and FIS2 (Kinoshita et al., 1999; Luo et al., 1999; Vielle-Calzada et al., 1999). 
Predominantly, protein coding genes have been characterised to be imprinted in A. thaliana 
(Gehring et al., 2011; Hsieh et al., 2011; McKeown et al., 2011; Wolff et al., 2011). However, 
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siRNAs have also been shown to be imprinted maternally and paternally (Mosher et al., 
2009; Mosher, 2010). Several maternally and paternally expressed lncRNAs have been 
identified in mammals (Quinn and Chang, 2016). In Oryza sativa and Zea mays, potential 
lncRNAs have been identified as imprinted (Luo et al., 2011; Zhang et al., 2011). Yet to be 
investigated is the imprinting of A. thaliana lncRNAs, which will be explored in this research 
project.  
 
 
1.1.14 Hybrids and hybridisation barriers 
 Another key aspect of seed development is hybrid formation. For a hybrid to 
successfully form, double fertilisation must occur as previously described, that is, distantly 
related sperm cells must fertilise the central cell and egg cell within the distant maternal 
gametophyte. The benefit of hybridisation is heterosis, or hybrid vigour, whereby the 
progeny is superior in terms of growth, fecundity and yield when compared to the parents 
(Lippman and Zamir, 2007). Also, it is often perceived that the more distant the species are 
prior to the hybridisation, the greater the heterosis (Chen, 2010). In A. thaliana, inter-genus 
hybrid plants have been formed with apomictic Boechera (Lohe and Perotti, 2012). 
Arabidopsis and Boechera belong to different tribes of the Brassicaceae and shared a 
common ancestor 13 - 35 million years ago. Such hybrids represent novel sources of genetic 
diversity and adapting the ability to make hybrids between distant relatives to agricultural 
crops could have a significant national benefit. This includes adding novel alleles that 
potentially improve yield or provide resistance to a disease or abiotic stress. However, this is 
a difficult avenue to pursue as hybrid incompatibilities exist, namely pre- and post-zygotic 
hybridisation barriers, that prevent the formation of these hybrids (Tonosaki et al., 2016). 
Pre-zygotic hybridisation barriers include alternative reproductive strategies and differences 
in sexual organ morphology which make crossing the distant species impossible 
(Maheshwari and Barbash, 2011). Post-zygotic barriers include genetic incompatibilities that 
result in endosperm failure and/or embryo abortion (Bikard et al., 2009; Mizuta et al., 2010). 
As previously discussed, one possible reason for this failure is that FIS PRC2 target genes 
become de-regulated, particularly paternally expressed genes, preventing endosperm 
cellularisation (Tonosaki et al., 2016). Accordingly, FIS PRC2 facilitated regulation of 
imprinted genes appears necessary for hybrid formation.  
47 
 
 Traditionally, the mechanisms behind hybrid formation and heterosis have been 
experimentally studied through quantitative trait loci analyses, global gene expression 
studies and assessing genome organisation (Hochholdinger and Hoecker, 2007; Birchler et 
al., 2010). More recent studies have demonstrated a role for noncoding RNAs, particularly 
small RNAs, in hybrid formation and heterosis (Ha et al., 2009; Groszmann et al., 2011; 
Greaves et al., 2012; Ng et al., 2012). It is also probable that lncRNAs play a role in during 
hybrid formation, which is yet to be explored. In this project, inter-genus hybrids created by 
Lohe and Perotti (2012) will be verified, with the long term goal being identifying potential 
roles of lncRNAs in alleviating post-zygotic hybridisation barriers. 
  
 
1.2 Project aims 
 
To date, lncRNAs involved in seed development have not been elucidated. In this 
research project, lncRNAs will be identified in juvenile A. thaliana siliques in an attempt to 
discover lncRNAs involved in early seed development. A. thaliana, a self-fertilising plant with 
a small genome which has been fully sequenced, is a small plant of the Brassicaceae family 
with simple growth requirements to produce thousands of seeds in a short generative time 
of eight weeks (Somerville and Koornneef, 2002). A. thaliana will be the model of choice in 
this project, being a representative of angiosperms. 
 
 
1.2.1 Aim one: Identify lncRNAs in A. thaliana siliques 
 To identify lncRNAs, transcriptome wide RNA-seq of A. thaliana will be performed 
with the next-generation sequencing platform, HiSeq 2000 (Illumina®). Target tissue will be 
crossed, i.e. sexual reproduction by transfer of pollen from an anther to a stigma and 1 day 
after pollination (DAP) siliques will be collected for RNA extraction. To retain non-adenylated 
lncRNAs, ribosomal RNA will be depleted (Ribo-ZeroTM by Epicentre) opposed to an oligo-dT 
protein coding transcript purification. Utilising a bioinformatic approach, lncRNAs will be 
assembled, annotated and investigated. 
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1.2.2 Aim two: Identify lncRNAs in PRC2 mutants 
 Approximately 20% of mammalian lncRNAs bind to PRC2 (Khalil et al., 2009). 
However, only two plant lncRNAs have been demonstrated to bind to PRC2 (Heo and Sung, 
2011; Kim and Sung, 2017). More lncRNAs are predicted to bind to PRC2 and/or potentially 
be regulated by PRC2. The PRC2 has regulatory roles in flowering time, imprinting and 
hybridisation barriers. PRC2 mutants are predicted to reveal novel lncRNAs. The same 
approach as aim one will used to identify the lncRNAs.  
 
 
1.2.3 Aim three: Confirm A. thaliana x B. pinetorum inter-genus hybrids  
 As PRC2 regulates endosperm development and governs post-zygotic hybridisation 
barriers, inter-genus crosses between Arabidopsis thaliana and Boechera pinetorum created 
with mutations in PRC2 were investigated as part of a long term aim. Inter-genus hybrids 
created by collaborator Dr Allan Lohe using PRC2 mutants will be confirmed. Inter-genus 
hybrid formation is rare, being subject to post-zygotic hybridisation barriers such as PRC2 de-
regulated target genes. Hybrids will be verified by a combination of PCR strategies and next-
generation sequencing. The long term goal is to identifying potential roles of lncRNAs in 
alleviating post-zygotic hybridisation barriers. 
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CHAPTER TWO: Identification of lncRNAs in 
Arabidopsis thaliana early silique development 
 
2.1 Introduction 
 
2.1.1 Arabidopsis thaliana’s genome and the missing lncRNAs 
LncRNAs have been shown to have regulatory roles in mammals and other species, 
yet limited reports for plant lncRNA exist (Engreitz et al., 2016; Quinn and Chang, 2016). In 
this project, A. thaliana will be utilised to identify plant lncRNAs in an effort to identify 
lncRNAs expressed in developing siliques. Currently A. thaliana is the established model 
organism for flowering plants (Meinke et al., 1998; Somerville and Koornneef, 2002). 
Consequently, it has become the most widely studied plant and was the first plant genome 
to be sequenced. The sequence of A. thaliana’s five nuclear chromosomes (Lin et al., 1999; 
Mayer et al., 1999; Salanoubat et al., 2000; Tabata et al., 2000; Theologis et al., 2000), 
chloroplast (Sato et al., 1999) and mitochondria (Unseld et al., 1997) have all been reported. 
The initial analysis of the complete genome identified 25,498 protein coding genes 
(Arabidopsis Genome Initiative, 2000). However, it did not report non-coding RNAs, pseudo 
genes, transposable element genes, transposable elements or alternatively spliced genes. 
The sequence data has since been compiled by The Arabidopsis Information Resource (TAIR), 
which provides an invaluable genomic database that is under constant review by the ever 
increasing Arabidopsis community (Huala et al., 2001; Rhee et al., 2003; Swarbreck et al., 
2008; Lamesch et al., 2012). This has led to extensive updating of all possible gene models by 
high resolution RNA-seq (Lister et al., 2008) and proteomic studies (Baerenfaller et al., 2008; 
Castellana et al., 2008). The current TAIR release, version 10, is summarised in Table 2.1. The 
release reports 33,602 genes: 27,416 protein coding genes, 1,359 non-coding RNAs, 924 
pseudo genes and 3,903 transposable element genes. With 8,069 alternative gene 
transcripts, such as splice variants (Filichkin et al., 2010), TAIR10 consists of a total 41,671 
gene models. In addition, the release reports 31,189 transposable elements (TEs). In this 
project, lncRNAs are the focus; however TAIR10 contains no lncRNA category within the 
1,359 non-coding TAIR10 genes. This list consists of 689 precursor transfer RNAs (pre-tRNA), 
15 ribosomal RNAs (rRNA), 13 small nuclear RNAs (snRNAs), 71 small nucleolar RNAs 
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(snoRNA), 177 microRNAs (miRNAs) and 394 “other RNAs”. LncRNAs are potentially 
represented among the 394 “other RNAs”. However, these can also include novel protein-
coding transcripts, protein and non-coding natural antisense transcripts (NATs), small RNA-
related transcripts and intermediate-sized non-coding RNAs. The proportion of the 394 
“other RNAs” being lncRNAs is unknown. For instance, the two most well characterised A. 
thaliana lncRNAs, COOLAIR and COLDAIR, are not present (Swiezewski et al., 2009; Heo and 
Sung, 2011).  
Despite the lack of lncRNAs reported within the TAIR10 A. thaliana genome release, 
increasing numbers of researchers are reporting the identification of lncRNAs in A. thaliana 
and other plants. Preliminary genome-wide studies have identified intergenic lncRNAs in A. 
thaliana, many appearing to be responsive to biotic and/or abiotic stresses (Liu et al., 2012). 
Other genome-wide A. thaliana studies identified antisense lncRNAs, particularly under light 
stimuli (Wang et al., 2014a). These lncRNAs are being recognised in databases (Jin et al., 
2013) and Araport annotations of A. thaliana (Cheng et al., 2017), although gaps remain, as 
there is no genome-wide identification of A. thaliana intronic lncRNAs.  
Plant lncRNAs have been implicated in a wide range of developmental processes, 
such as root development (Li et al., 2013; Li et al., 2016), legume nodulation (Crespi et al., 
1994; Campalans et al., 2004), rice pollen fertility (Ding et al., 2012a), cotton fibre expansion 
(Wang et al., 2015b), tomato fruit ripening (Zhu et al., 2015) and wood formation (Chen et 
al., 2015). Similarly, plant lncRNAs have been shown to be expressed under various 
conditions, including; vernalisation (Swiezewski et al., 2009; Heo and Sung, 2011), Fusarium 
oxysporum infection (Zhu et al., 2013), continuous red light (Wang et al., 2014c), extended 
photoperiod (Ding et al., 2012a), phosphate starvation (Yuan et al., 2016), temperature, 
water and salt stresses (Di et al., 2014). There are no reports of lncRNAs identified in early 
silique or seed development. In this chapter, A. thaliana 1 day after pollination (DAP) siliques 
will be used to identify lncRNAs in this tissue. During this stage, the rapid syncytial mitotic 
divisions of endosperm nuclei are occurring without cytokinesis, with a singular endosperm 
cell containing 44 to 48 nuclei (Boisnard-Lorig et al., 2001). Cells are also rapidly expanding 
and the embryo is in the pre-globular stage. The triploid endosperm is undergoing intricate 
mechanisms to counteract the genome imbalance, which gives rise to the allele specific gene 
expression phenomenon known as imprinting (Rodrigues and Zilberman, 2015). As 
imprinting of genes is predominantly in the endosperm, it is possible that some lncRNAs 
identified may potentially be imprinted. To test this, 1 DAP siliques were harvested from 
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ecotypes Columbia-0 (Col), C24 and reciprocal crosses between these two ecotypes for 
analysis. All lncRNAs identified will be compared to various published A. thaliana lncRNA 
datasets, to identify novel lncRNAs candidates for further analysis.  
 
 
Table 2.1 The Arabidopsis Information Resource A. thaliana genome annotation statistics version 10 
(TAIR10). The number of protein coding, non-coding, pseudo and transposable element genes are shown for 
the nuclear (Nuc.), chloroplast (Chl.) and mitochondria (Mt.) genomes. Alternative forms (e.g. splice variants) 
and transposable elements (TEs) are also shown. A. thaliana has a total 33,602 genes (41,671 gene models) and 
31,189 transposable elements. pre-tRNA: precursor transfer RNA, rRNA: ribosomal RNA, snRNA: small nuclear 
RNAs, snoRNA: small nucleolar RNA, miRNA microRNA. 
 
Genome 
Protein 
coding 
Non-coding RNAs (1,359 total) 
Pseudo 
gene 
TE 
gene 
Total 
genes 
Total 
gene 
models 
TEs pre-
tRNA 
rRNA snRNA snoRNA miRNA 
Other 
RNA 
Nuc. 27,206 631 4 13 71 177 394 924 3,903 33,323 41,447 31,189 
Chl. 88 37 8 0 0 0 0 0 0 133 133 0 
Mt. 122 21 3 0 0 0 0 0 0 146 146 0 
Total 27,416 689 15 13 71 177 394 924 3,903 33,602 41,671 31,189 
 
 
2.1.2 Aims 
In this chapter, lncRNAs will be identified and explored in A. thaliana 1 DAP siliques. 
Aims are as follows: 
 
1. Identify genome wide lncRNAs in 1 DAP siliques of A. thaliana ecotypes Col, C24 and 
reciprocal crosses of these two ecotypes.  
 
To date, lncRNAs expressed within siliques where early endosperm and embryo 
development is occurring is yet to be explored. Col, C24 and reciprocal crosses between 
these two ecotypes will be utilised to provide insights into lncRNA expression and parent of 
origin effects. By performing directional RNA-seq on rRNA depleted total RNA, novel 
antisense and non-adenylated lncRNAs will be identified that other reports have overlooked 
due to non-directional and poly(A) selection methods.  
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2. Bioinformatically annotate and analyse lncRNAs to identify candidates for further 
investigation. 
 
LncRNAs that are identified will be bioinformatically annotated regarding their genomic 
location relative to TAIR10 gene models. Further bioinformatic analysis of lncRNAs by 
expression and a single nucleotide polymorphism (SNP) analysis will be performed to screen 
potential for imprinting. LncRNA candidates will provide a foundation for further research 
into lncRNAs expressed in developing siliques. 
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2.2 Methods 
 
2.2.1 Arabidopsis thaliana growth conditions 
 A. thaliana ecotypes Col-0 and C24 seeds were sterilised by two washes of 70% 
ethanol for 5 min each, followed by 100% ethanol for 1 min. Seeds were sown on half-
strength Murashige and Skoog (MS) plates containing 1% agar and 1% sucrose. The plates 
were incubated at 4°C for three days in the dark before being transferred into a controlled 
growth cabinet. The photoperiod in the controlled cabinet was set at 16 hours with 
temperatures of 22°C (day) and 18°C (night), 80% relative humidity and a fluence rate of 90 - 
120 μmol m-2s-1.  
 Seedlings were then transferred into trays containing a soil mixture of Seedling 
Raising Mix : Debco potting mix, 1:1. The mixture was supplemented with 3 g/L fertilizer 
pellets (Osmocote®). Trays were covered with plastic lids for two weeks to maintain 
humidity. Plants were watered 400 mL once every three days.  
 Seed stocks were kept by collecting A. thaliana seeds from mature siliques. The seeds 
were dried and sieved through a double layered tea-strainer (0.5 mm gauge). Seeds were 
then stored in 1.5 mL eppendorf tubes at 4°C. 
 
 
2.2.2 Crossing A. thaliana 
 Fertilisation was controlled to create reciprocal crosses between Col and C24. 
Immature anthers were emasculated, receptive stigmas were cross pollinated with mature 
pollen when ready. Exposed stigma and silique was kept humid by covering in cling-wrap. 
Precisely 24 h after pollination, 1 DAP siliques were collected and snap frozen in liquid 
nitrogen. All siliques samples collected displayed expansion and growth, suggesting 
fertilisation was successful and that seed development was occurring. Four types of crosses 
were performed (shown ♀ x ♂), each having three biological replicates of approximately 50 
1 DAP siliques: 
 Emasculated Col stigma cross-pollinated with Col pollen (ColxCol). 
 Emasculated C24 stigma cross-pollinated with C24 pollen (C24xC24). 
 Emasculated Col stigma cross-pollinated with C24 pollen (ColxC24). 
 Emasculated C24 stigma cross-pollinated with Col pollen (C24xCol). 
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2.2.3 RNA-seq library construction and sequencing 
 Total RNA was extracted from 1 DAP siliques using a Spectrum™ Plant Total RNA Kit 
(Sigma Aldrich®), using the optional on-column DNase I digestion as per the manufacturer’s 
instructions. Total elimination of gDNA was tested (Appendix 6.1.1). After quantification with 
a Qubit® 2.0 Fluorometer (Life Technologies™), 5 g of total RNA was depleted of ribosomal 
RNA with a Ribo-Zero™ rRNA Removal Kit (Plant Seed/Root, epicentre®). rRNA depletion was 
verified on a 2100 Bioanalyzer (Agilent Technologies). 100 ng of the depleted sample was 
used to construct the sequencing library, which was prepared by a TruSeq™ RNA Sample 
Prep Kit v2 (Illumina®) with some alterations to the manufacturer’s instructions. For A. 
thaliana, RNA fragmentation times were tested and a 95°C heat fragmentation time of 2 min 
(half of protocol recommendation) was chosen. To retain transcriptional strand information, 
directionality was incorporated by a dUTP method (Parkhomchuk et al., 2009). During 
reverse transcription, SuperScript® III reverse transcriptase was used, with the addition of 
actinomycin D to enhance strand specificity, according to the manufacturer’s instructions 
(ThermoFisher Scientific). Libraries were verified on a MultiNA Microchip Electrophoresis 
System (Shimadzu). Second generation 100 bp paired end sequencing was performed on the 
Illumina® HiSeq 2000. Sequencing quality was verified by FastQC v0.10.1; a quality control 
tool for high throughput sequence data (Babraham Institute).  
 
 
2.2.4 Transcript assembly and lncRNA identification 
The experimental procedure created for the identification of lncRNAs in A. thaliana is 
summarised in Figure 2.1. Multiple strategies were tested to develop the chosen method. All 
programs used can be freely accessed (open source) and all are stand-alone versions running 
under the Linux environment. 
The Arabidopsis Information Resource (TAIR) release of the tenth version of the A. 
thaliana genome (TAIR10) was used as the genomic reference (Lin et al., 1999; Mayer et al., 
1999; Salanoubat et al., 2000; Tabata et al., 2000; Theologis et al., 2000). The chloroplast 
(Sato et al., 1999) and mitochondrial (Unseld et al., 1997) genomes were also included in the 
TAIR10 release and all analyses. The TAIR10 reference was also used for C24 and the 
reciprocal crosses, as it was superior to the incomplete C24 genome sequences available 
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(31,588 of 33,602 TAIR10 genes could be mapped to a de novo C24 transcriptome). Bowtie 
v0.12.9 was used to index the reference TAIR10 genome (Langmead et al., 2009).  
Prior to mapping, adapter sequences within reads were removed by Trim Galore! 
(Babraham Institute). Trimmed reads containing a Phred sequencing quality score of < 30 
were removed. These processed reads were then mapped with TopHat v2.0.8 (Trapnell et 
al., 2009). Reads with a mapping quality less than 10, i.e. < 90%, were removed (MAPQ = 
−10xlog10 of probability mapping position is wrong) (Li et al., 2008a). Two open source 
genome guided transcript construction bioinformatic packages were chosen to assemble the 
directional reads; Cufflinks v2.0.2 (Trapnell et al., 2010) and Trinity r2013-02-25 (Haas et al., 
2013). Cufflinks captures confident full length transcripts, but is quite poor at assembling 
short low abundant transcripts. Trinity assembles all possible transcripts, but not full length 
transcripts. Cuffmerge v1 was used to generate a consensus between Cufflinks and Trinity to 
yield the most confident full length RNA transcripts (Trapnell et al., 2012). Where necessary, 
assembled transcripts (FASTA format) were mapped to a reference (e.g. TAIR10) with GMAP 
v5: a genomic mapping and alignment program for mRNA and expressed sequence tag 
sequences (Wu and Watanabe, 2005). 
To process the assembled transcripts, transcripts < 200 nt were removed. To identify 
overlap between TAIR10 annotation and assembled transcripts, Browser Extensible Data 
Tools (BEDTools v2.17.0) intersect was implemented (Quinlan and Hall, 2010). Transcripts 
that overlapped (intersected) one of the TAIR10 41,671 gene models (directional) were 
removed. Transcripts that remained were classed unannotated transcripts. 
Lastly, unannotated transcripts underwent filtration by two peptide potential tests. 
Known sequences were filtered by BLAST: Basic Local Alignment Search Tool (Altschul et al., 
1990). Specifically, transcripts with a match to known protein and peptide sequences with 
BLASTX (Gish and States, 1993). Transcripts with an expect value (E-value, i.e. a false-positive 
rate, measuring probability of alignment by chance) of < 1x10-3 were removed, as they had a 
confident match to a reported plant transcript or peptide. Remaining transcripts were tested 
for any further peptide potential with EMBOSS v6.5.0: the European Molecular Biology Open 
Software Suite ORF prediction tool getorf (Rice et al., 2000). Transcripts with an ORF ≥ 100 
amino acids, or ≥ 50 amino acids at the 5’ or 3’ termini, were removed. The remaining 
unannotated transcripts were classified as lncRNAs.  
To create a reference of all lncRNAs by cross, biological replicates within each cross 
were merged with Cuffmerge v1 (Trapnell et al., 2012). The cuffmerged lncRNAs then 
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underwent filtration again by BLASTX and ORF analysis, none were removed. A reference of 
all lncRNA for the entire experiment was then generated by merging these cross totals. 
Again, BLASTX and ORF analyses were performed, none were removed by BLASTX, minimal 
(0 - 8 lncRNAs) removed during ORF analysis. The Cuffmerge total(s) enabled the assembly 
based comparison of lncRNAs in each cross, by generating a four-set Venn diagram with the 
R package VennDiagram (Chen and Boutros, 2011). 
 
 
 
 
Figure 2.1 Experimental strategy and bioinformatic framework developed to identify lncRNAs in A. thaliana 
Col and C24 crosses. Strand specific sequencing was performed on ribosomal deleted RNA to capture 
polyadenylated and non-adenylated transcripts. The bioinformatic framework was designed to map reads, 
assemble transcripts, filter annotated gene models and filter transcripts with peptide potential to identify 
lncRNA candidates. Two transcript assembly methods were adopted to maximise assembly and minimise error.  
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2.2.5 Bioinformatic analysis of lncRNAs 
For each ecotype and reciprocal cross, lncRNAs were categorised into four classes, 
based on their genomic orientation with respect to the overlapping or closest TAIR10 gene 
models: intergenic, antisense exonic, sense intronic and antisense intronic. This was 
performed in R v2.15 (R Development Core Team, 2013), using the GenomeFeatures 
package (Lawrence et al., 2013).  
Various analyses and data processing were performed using born again shell (bash) 
commands running under the Linux environment. Transcript expression was calculated as 
Fragments Per Kilobase of transcript per Million mapped reads (FPKM). Detailed data 
analyses, statistical testing and figure generation was performed in R v2.15 (R Development 
Core Team, 2013). Other graphical displays were generated in GraphPad Prism v6.04 for 
Windows (www.graphpad.com).  
 
 
2.2.6 Gene ontology analysis 
Gene models that overlapped or were in close proximity to a lncRNA were recorded 
and analysed by agriGO: the Gene Ontology analysis toolkit and database for the agricultural 
community (Du et al., 2010).  
 
 
2.2.7 SNP analysis to screen for imprinting 
To investigate imprinting, single SNPs between A. thaliana ecotypes Col-0 and C24 
were determined. Sequence Alignment/Map tool SAMtools 0.1.18 (Li et al., 2009) was 
employed to implement a statistical framework for SNP calling (Li, 2011). SNPs are reported 
relative to the Watson (top) strand of the double helix. However, genes are on both Watson 
and Crick strands.  
Paired-end reads (bam format) were split into two files: read1.bam, the transcript 
reverse complement read (-) and read2.bam, the forward sense read (+). For each allele, 
there will be distinct cases with respect to the mapped reads, which need to be treated 
separately per strand: 
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The transcript is on the Watson strand, SNP will be the complement base in read1: 
 read1 (-) matches Crick strand = transcript on the Watson strand. 
 read2 (+) matches Watson strand = transcript on the Watson strand. 
 
The transcript is on the Crick strand, SNP will be the complement base in read2: 
 read1 (-) matches Watson strand = transcript on the Crick strand. 
 read2 (+) matches Crick strand = transcript on the Crick strand. 
 
SAMtools mpileup (Li et al., 2009) was used to calculate base distribution in each allele 
(strand of transcription was considered and merged where appropriate). With the base 
distributions, a binomial test for (two hybrids respectively) at each SNP was performed: 
 
AFm: allele frequencies from maternal side, AFp: allele frequencies from paternal side. 
 
Endosperm (3n) specifically expressed genes: 
 PEGs: AFp/(AFm+AFp) > 1/3  
 MEGs: AFm/(AFm+AFp) > 2/3 
 
For general (2n) genes and lncRNAs: 
 PEGs: AFp/(AFp+AFm) > 1/2 
 MEGs: AFm(AFp+AFm) > 1/2 
 
Imprinted genes and lncRNAs were selected based on two different levels of stringency: 
 Moderate: the transcript (gene or lncRNA) should pass the binomial test (FDR < 0.05) 
in at least two biological replicates of two hybrids. 
 High: the transcript (gene or lncRNA) should pass the binomial test (FDR < 0.05) in all 
three biological replicates of two hybrids. 
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2.2.8 Bioinformatic investigation of lncRNA candidates 
Data generated in this study, freely available databases and datasets (referenced in 
text) were compared for same genomic coordinates with the lncRNAs identified. BEDTools 
intersect v2.17.0 was used for the analysis (Quinlan and Hall, 2010). 
Six lncRNA candidates were selected for further investigation. Candidates were 
viewed and imaged in the Integrative Genomics Viewer, IGV v2.3 (Robinson et al., 2011; 
Thorvaldsdóttir et al., 2013). Minimum free energy structure prediction was generated using 
the RNAfold tool of ViennaRNA Package 2.0 (Lorenz et al., 2011), which utilises models and 
algorithms introduced by Zuker and Stiegler (1981). 
 
 
2.2.9 PCR confirmation of an antisense intronic lncRNA 
 Total RNA from ColxCol 1 DAP siliques (sections 2.2.2 and 2.2.3) was used to confirm 
antisense intronic lncRNA TCONS_00001171. Reverse transcription (RT) of RNA to cDNA was 
performed with an RNA-dependent DNA polymerase (Baltimore, 1970; Temin and Mizutani, 
1970). SuperScript® III reverse transcriptase was used according to the manufacturer’s 
instructions (ThermoFisher Scientific). Oligo-dT, random hexamers and two custom oligos 
were used to independently prime RT. One for the Watson strand; 5’- 
CACAGAGCTTGTTTTGTCC-3’ and one for the Crick stand; 5’- GGGTTGTAACAAAAATCAAGC-3’.  
Primer-mediated enzymatic amplification of lncRNAs was performed by polymerase 
chain reaction (PCR) (Saiki et al., 1985). Oligos were designed with Primer-BLAST (Ye et al., 
2012), for an expected 185 bp product; forward oligo 5’-TCTCACCAACTCATCTTCAG-3’ and 
reverse oligo 5’-TGGGGAAGAAATAAATGTGAGGA-3’. Phusion® High-Fidelity DNA Polymerase 
was used according to the manufacturer’s instructions (New England Biolabs® Inc). 35 PCR 
cycles were performed and products separated by 2% agarose gel electrophoresis. A. 
thaliana Col seedling genomic DNA (gDNA), extracted with a DNeasy Plant Mini Kit (Qiagen), 
was used as a positive control.  
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2.3 Results 
 
2.3.1 Construction of RNA-seq libraries from 1 DAP siliques 
1 DAP siliques from A. thaliana Col and C24 crosses were harvested for RNA 
extraction; four crosses with three biological replicates each, totalling 12 extractions. For 
each, rRNA was depleted with a Ribo-Zero™ rRNA Removal Kit (Plant Seed/Root, epicentre®). 
By depleting rRNA, polyadenylated and non-adenylated transcripts are retained for the RNA-
seq library. The total RNA quality and rRNA depletion was verified for each; an example is 
shown in Figure 2.2. Prominent and defined 25S and 18S rRNA peaks suggested high quality 
total RNA was extracted. However, it is also demonstrates total RNA is mostly comprised of 
rRNA, which if not adequately depleted, will form the majority of any RNA-seq library 
created. After rRNA depletion, no rRNA peaks could be detected within any sample. A smear 
of transcripts of variable size were observed in each, suggesting elimination of rRNA. This 
fraction of RNA was used to create RNA-seq cDNA libraries. 
 
 
Figure 2.2 Example of rRNA depletion of total RNA from A. thaliana 1 DAP siliques. rRNA depletion was 
verified on a 2100 Bioanalyzer (Agilent Technologies), with an RNA 6,000 Pico chip. (A) Electrophoresis image. 
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(i) Agilent Technologies RNA ladder (200 – 6,000 nt fragments). (ii) Total RNA. (iii) rRNA depleted RNA. In each 
lane, the green band is a 25 nt RNA marker (Agilent Technologies). (B) Electropherograms, plotting migration 
time (seconds, s) against fluorescence units (FU). (i) Total RNA with 18S and 25S rRNA peaks labelled. (ii) rRNA 
depleted RNA. First peak is a 25 nt RNA marker (Agilent Technologies). 
 
 
After rRNA depletion, directional RNA-seq cDNA libraries were created (Illumina® 
TruSeq™). Each of the 12 libraries created were combined equally and the pooled sample 
had a cDNA distribution that peaked at approximately 300 bp (Figure 2.3). Depending on 
which Illumina® adapter index was used, the total length of adapters are 121 or 123 bp. For 
100 bp paired-end Illumina® sequencing (HiSeq 2000), an insert size of approximately 200 bp 
is ideal, to maximise read length and minimise duplicate reading (overlap). Including 
adapters, a final RNA-seq library size of 321 or 323 bp is ideal. This is consistent with the 
cDNA size distribution observed; implying high quality libraries have been constructed. 100 
bp paired end sequencing was performed on 1 lane of an Illumina® HiSeq 2000. 
 
 
 
 
 
Figure 2.3 Combined RNA-seq cDNA libraries prepared for 100 bp paired-end sequencing (Illumina® HiSeq). 
Samples were tested on a MultiNA microchip electrophoresis system (Shimadzu). (A) Electrophoresis images. (i) 
Shimadzu 1 kb ladder, including a lower marker (LM), fragments ranging from 100 - 1,200 bp and an upper 
marker (UM). (ii) cDNA library size distribution. (B) Electropherogram, plotting migration time (seconds, sec) 
against intensity (millivolts, mV). LM and UM included for reference and a peak of 308 bp was estimated. 
Illumina® adapters add 121 or 123 bp depending on the index used. An insert size of 200 bp would produce a 
321 /323 bp cDNA library, which maximises read potential by preventing any overlap between the two reads. 
 
(A)     (i)   (ii)            (B) 
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2.3.2 Next-generation sequencing generates 427 million reads 
Performing next generation sequencing on the Illumina® HiSeq 2000, a total 
427,397,978 reads (213,698,989 paired reads) of 100 bp were generated. Sequencing quality 
was verified, having ≥ 99.9% base call accuracy (Appendix 6.1.2). All reads were separated by 
index into the 12 libraries and total raw reads per replicate for each of the four crosses were 
calculated (Table 2.2). An average of 35,616,498 reads was seen across the 12 libraries, 
ranging from 16,894,038 to 57,345,910. Reads were then trimmed for adapter sequences 
and poor sequencing quality (Phred score of < 30), prior to mapping to the TAIR10 genomic 
reference. After mapping, reads with a poor alignment (mapping quality score less than 10, 
i.e. < 90%) were removed. A minimum of 75% of the raw reads in each library mapped to the 
TAIR10 reference genome. This was an average of 29,157,282 reads per library, which 
ranged from 13,902,476 to 45,910,884. The largest variance was C24xCol replicate two and 
ColxCol replicate three having approximately 30% less mapped reads, while C24xC24 
replicate three had approximately 35% more, relative to the other libraries. 
To investigate if sufficient reads were generated and mapped for the experiment to 
assemble transcripts, sequencing coverage was estimated. Transcriptome coverage is 
difficult to estimate, as it is unknown which genes will transcribed and at what abundance. 
Transcriptome length could be estimated by 33,602 genes having an average length of 
approximately 2,000 nt to give 67,204,000 nt (values based on TAIR10). Accordingly this 
would equate to approximately 25% of the 135,670,229 bp (271,340,458 nt) A. thaliana 
genome. However, novel transcripts, particularly lncRNAs are being targeted, which may 
result in many more transcripts than a total 33,602 genes. Current studies suggest 30,000 – 
40,000 lncRNAs exist in the A. thaliana genome, which is double the amount of TAIR10 
genes. Thus a coverage estimate was performed based on 50% transcription (135,670,229 
nt) of the A. thaliana genome (a likely overestimate), which assumes an equal expression 
(transcripts vary vastly in expression). As an estimate, the 12 libraries had an average 
coverage per base of 22 times, ranging from 10 – 34. This is comparable to Illumina® 
recommendations and journal requirements of 10 – 30 times coverage for DNA sequencing 
(e.g. SNP discovery). However, if all potential transcripts are not transcribed a higher 
coverage has been obtained, but if expression varies significantly between transcripts, a 
lower coverage has been obtained for some transcripts.  
All 12 libraries were tested for rRNA depletion and directionality. For each library, 2 – 
6% of the TAIR10 mapped reads were to one or more of the 15 rRNAs (4% of all mapped 
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reads). As rRNA constitutes the majority of RNA in a cell, > 96% (possibly > 99.9%) rRNA 
depletion has been achieved. Lastly, all libraries were estimated to be > 99.9% directional, 
based on antisense reads mapping to RUBISCO LARGE SUBUNIT (RBCL). RBCL, an essential 
photosynthesis gene, had the most reads in many libraries, is not spliced (single exon), and 
has no reported antisense gene model. It was assumed RBCL has no antisense transcription 
(no antisense transcript was ever assembled). Overall, rRNA depletion and the directional 
library preparation were concluded to be highly successful. 
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Table 2.2 Summary of Illumina® HiSeq 2000 sequencing of A. thaliana Col and C24 crosses. Total raw reads and reads that were mapped to TAIR10 for each biological replicate 
(Rep) within each of the crosses are displayed. An estimated sequencing coverage is given. The estimate assumes 50% transcription of the A. thaliana genome (a likely 
overestimate) and an equal expression (transcripts vary vastly in expression). rRNA depletion was verified by mapping to all rRNAs, directional RNA-seq library preparation was 
verified using a photosynthetic gene.  
Cross ColxCol C24xC24 ColxC24 C24xCol Total 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 N/A 
Total raw reads 37,635,876 34,396,244 21,185,966 35,862,146 34,184,716 57,345,910 41,462,514 25,837,076 29,581,528 39,732,396 16,894,038 53,279,568 
427,397,97
8 
Total TAIR10 
mapped reads* 
31,929,416 29,563,428 18,268,234 29,127,990 28,119,344 45,910,884 34,915,098 20,101,612 23,775,670 29,870,926 13,902,476 44,402,302 
349,887,38
0 
Total TAIR10 
mapped reads% 
80% 84% 78% 80% 75% 82% 83% 85% 86% 86% 81% 82% 82% 
Estimated 
coverage of 
TAIR10** 
24 22 13 21 21 34 26 15 18 22 10 33 258 
rRNA mapped 
reads 
828,023 920,144 878,193 1,077,596 423,636 2,539,851 1,410,315 962,361 550,344 937,263 592,148 2,141,124 13,260,998 
rRNA mapped 
reads (%) 
3% 3% 5% 4% 2% 6% 4% 5% 2% 3% 4% 5% 4% 
RUBISCO LARGE 
SUBUNIT (RBCL) 
mapped reads 
1,178,340 1,204,625 753,164 1,035,796 1,056,673 1,885,861 1,424,315 734,813 910,230 1,259,241 668,545 2,481,106 14,592,709 
RBCL mapped 
antisense reads 
(all < 0.1%) 
8 3 1 5 11 19 14 9 3 5 6 11 95 
* Excludes reads that have been trimmed (contained adapter sequences), filtered based on poor quality (sequencing or mapping) or could not be mapped.  
** Assumes 50% transcription of the 135,670,229 bp TAIR10 genome. Coverage estimate = (mapped reads x read length /genome size). 
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2.3.3 Unannotated transcripts identified in siliques 
After mapping reads, transcripts were assembled using Cufflinks and Trinity, and 
Cuffmerge was used to generate a full length consensus. Total transcripts assembled were 
calculated, which were then subsequently filtered by size and overlap with TAIR10 
annotated gene models (Table 2.3). From the 12 libraries sequenced, an average of 35,743 
transcripts were assembled. There was variation between libraries, ranging from 27,280 - 
45,345 total transcripts. These numbers are comparable to the 41,671 TAIR10 annotated 
gene models, which includes 27,416 protein coding genes that are often the highest 
expressed transcripts. Variation between numbers of transcripts assembled appeared to be 
relative to sequencing coverage (notably C24xCol replicate two and ColxCol replicate three 
having less mapped reads, while C24xC24 replicate three had more). However, all libraries 
assembled an approximate 27,000 TAIR10 gene models.  
To filter the transcripts for potential unannotated transcripts that could be lncRNAs, 
firstly all transcripts < 200 nt were removed. This had minimal effect, removing less than 100 
transcripts in each sample (an average of 68 per sample; > 99% of transcripts were ≥ 200 nt). 
Secondly, all transcripts ≥ 200 nt were analysed for any overlap with the 41,671 TAIR10 gene 
models. The majority of transcripts overlapped a gene model; an average of 32,093 (86 – 
93%). Nevertheless, this left considerable unannotated transcripts; an average of 3,592 
ranging from 1,836 – 6,294 total transcripts. These unannotated transcripts were predicted 
to be peptides and lncRNAs. 
 
 
66 
 
Table 2.3 Assembly and primary filtration of transcripts from A. thaliana 1 DAP siliques. Transcripts were 
assembled with Cufflinks and Trinity, the results of both being merged into a full length consensus. Transcripts 
less than 200 nt and transcripts that overlapped TAIR10 gene models were removed to identify unannotated 
transcripts. Although most transcripts were TAIR10 gene models, unannotated transcripts were identified. 
 
Cross ColxCol C24xC24 ColxC24 C24xCol 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 
Transcripts 
assembled 
35,983 35,959 27,280 37,384 36,870 45,345 36,209 34,862 32,429 36,742 29,780 40,077 
Transcripts 
≥200 nt 
(each > 99%) 
35,944 35,921 27,237 37,321 36,809 45,247 36,170 34,794 32,379 36,659 29,732 40,010 
Transcripts 
overlapping 
gene models* 
32,698 32,531 25,401 33,965 33,121 38,953 32,801 31,427 29,311 31,995 26,987 35,931 
Transcripts 
overlapping 
gene models* 
91% 91% 93% 91% 90% 86% 91% 90% 91% 87% 91% 90% 
Gene 
models* 
overlapping 
transcripts 
27,048 27,135 24,519 27,407 27,072 28,157 27,804 27,017 26,891 26,999 25,350 28,014 
Unannotated 
transcripts 
3,246 3,390 1,836 3,356 3,688 6,294 3,369 3,367 3,068 4,664 2,745 4,079 
*TAIR10 41,671 gene models. 
 
 
2.3.4 Peptide potential filtration reveals lncRNAs 
To identify lncRNAs, two further criteria were imposed on the set of unannotated 
transcripts to remove any transcripts with peptide potential (Table 2.4). First, known 
peptides which may not be annotated in TAIR10 were removed. This was achieved by a 
three frame nucleotide to protein translation and subsequent sequence alignment to all 
available protein databases, with BLASTX. Accordingly, any transcript with a significant 
alignment to a peptide sequence, measured by a BLASTX Expect value (E-value) of < 1x10-3 
(measures probability of alignment by chance), was removed. Second, as there may be 
unannotated transcripts encoding novel proteins and peptides still present, the remaining 
transcripts were subjected to a size dependent open reading frame (ORF) filtration. 
Transcripts containing an ORF ≥ 100 amino acids were considered to have peptide potential 
and were removed. Furthermore, as the transcripts assembled may not be full length, 
transcripts with an ORF ≥ 50 amino acids at the 5’ or 3’ termini were also removed.  
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Very little was removed by BLASTX, an average of 58 transcripts per sample, ranging 
from 38 – 76 (1 - 2%) of the unannotated transcripts. However, many transcripts had a large 
ORF; an average of 1,318 transcripts per sample, ranging from 573 – 2,848 (29 – 45%). These 
transcripts likely represent potential novel peptides that have not been reported in any 
plant, given the absence of filtration by BLASTX. Transcripts that remained after BLASTX and 
ORF peptide potential filtration represent lncRNAs. There was an average of 2,216 lncRNAs 
per replicate, ranging from 1,225 – 3,372 (54 – 69% of unannotated transcripts). Overall, 
Figure 2.4 illustrates the proportion of filtered transcripts and lncRNAs.  
 
 
Table 2.4 Peptide potential filtration of unannotated A. thaliana transcripts to identify lncRNAs. To remove 
known peptides, unannotated transcripts with a BLASTX result (E-value < 1x10
-3
) were removed. To remove 
novel peptides, unannotated transcripts with an ORF ≥ 100 amino acids or ≥ 50 amino acids at the 5’ or 3’ 
termini were removed. 
 
Cross ColxCol C24xC24 ColxC24 C24xCol 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 
Unannotated 
transcripts 
3,246 3,390 1,836 3,356 3,688 6,294 3,369 3,367 3,068 4,664 2,745 4,079 
Filtered by BLASTX 
(E-value < 1x10-3) 
65 76 38 57 64 74 42 59 42 58 48 74 
Filtered by BLASTX 
(E-value < 1x10-3)(%) 
2% 2% 2% 2% 2% 1% 1% 2% 1% 1% 2% 2% 
Filtered by ORF 1193 1169 573 1251 1451 2848 1113 1044 1011 1873 796 1497 
Filtered by ORF (%) 37% 34% 31% 37% 39% 45% 33% 31% 33% 40% 29% 37% 
LncRNAs 1,988 2,145 1,225 2,048 2,173 3,372 2,214 2,264 2,015 2,733 1,901 2,508 
Cuffmerge lncRNAs 
(replicates) 
2,144 3,351 2,353 2,887 
Presence ≥2/3 
replicates* 
789 (37%) 1,217 (36%) 1,081 (46%) 1,078 (37%) 
Presence =3/3 
replicates* 
205 (10%) 321 (10%) 271 (12%) 195 (7%) 
*Based on a BEDTools intersect minimum overlap of ≥ 1 bp (≥ 10 bp gives the same results). 
 
68 
 
 
Figure 2.4 Summary of assembled and filtered A. thaliana transcripts. Approximately 90% of all transcripts 
assembled overlapped TAIR10 gene models, while only 6% were lncRNAs. Other transcripts were filtered due 
small size (0.2%), a BLASTX match (0.2%) or contained a large ORF, suggesting peptide potential (3.6%). 
 
 
For each of the crosses, total numbers of lncRNAs was calculated using Cuffmerge on 
the three biological replicates within each cross. This generated an average 2,684 lncRNAs 
per cross, ranging from 2,144 - 3,351. The Cuffmerge also aided assembling more full length 
lncRNA transcripts in each cross, although all transcripts retained an ORF < 100 amino acids 
and an ORF < 50 at 5’ /3’ termini. For each cross, it was tested if the lncRNAs were 
assembled in two or three (of three total) replicates within each cross. This was tested with a 
BEDTools intersect minimum overlap of ≥ 1 bp, assuming partial transcripts of the full-length 
lncRNA may be present. It was discovered that most lncRNAs could not be reproducibly 
detected amongst the replicates. Less than 46% of lncRNA transcripts in each cross were 
assembled in two or more of the replicates. Similarly less than 12% of lncRNA transcripts in 
each cross were assembled in all three of the biological replicates. The large number of non-
reproducible lncRNAs could be due to low expression or differential expression, which has 
not generated enough reads to sufficiently assemble a transcript. Spurious transcription is 
also a possibility. Relative to sequencing coverage, C24xCol replicate one and ColxCol 
replicate three could be limiting. Having less reads and less lncRNAs assembled reduces the 
number of lncRNAs that can be found reproducibly.  
The total lncRNAs for each cross was compared for assembly in each other cross, as 
demonstrated by Venn diagrams (Figure 2.5). For the entire experiment (combining all 
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crosses) a total 8,178 lncRNAs were identified. However, approximately 1,500 per cross 
(6,139 total) appeared unique, not being assembled in any other cross. As these lncRNAs 
could represent transcriptional noise that cannot be reproducibly identified, the biological 
replicates were utilised to impose reproducibility tests. When imposing reproducibility of the 
lncRNAs within at least two replicates within each cross, a total 2,807 lncRNAs were 
identified. Imposing reproducibility in all three replicates within each cross gave a total 680 
lncRNAs. In comparison to the initial 8,179 lncRNAs, both reproducibility tests had a large 
effect on the 6,139 lncRNAs that were specifically identified in one cross, which were 
reduced to 1,898 and 461 respectively. This suggests transcriptional noise was being 
detected in the 8,179 potential lncRNAs. However, this is difficult to determine as plant 
lncRNAs have highly specific spatial and temporal expression, thus being difficult to detect 
(Liu et al., 2012; Di et al., 2014; Li et al., 2016; Yuan et al., 2016). Thus it is possible that some 
lncRNAs are too lowly expressed (or not expressed) to be assembled in other crosses. For 
each Venn diagram, the highest lncRNA overlap was between C24xC24 vs C24xCol and 
ColxCol vs ColxC24; the cross comparisons where the maternal C24 or Col genome is shared. 
This could represent lncRNAs present in maternal tissue (e.g. silique valve) or allele specific 
(maternally expressed) lncRNAs. The next largest overlap was the lncRNAs which were 
assembled in all crosses.  
 
 
Figure 2.5 Venn diagram of A. thaliana lncRNAs in Col and C24 crosses. LncRNA transcripts that were 
assembled in each cross individually were tested for presence (assembly) in each other cross. (A) LncRNAs 
assembled in one or more of the three biological replicates within each cross; a total of 8,178. (B) LncRNAs 
assembled in at least two of the three biological replicates; a total of 2,807. (C) LncRNAs assembled in all three 
of the biological replicates; a total of 680. Four-set Venn diagrams were generated with the R package 
VennDiagram (Chen and Boutros, 2011). 
(A) ≥ 1/3 replicates 
8,178 lncRNAs 
(B) ≥ 2/3 replicates 
2,807 lncRNAs 
  
(C) = 3/3 replicates 
680 lncRNAs 
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2.3.5 Annotation of sequencing reads and re-evaluating coverage 
 After identification of lncRNAs, all reads were annotated based on their mapping 
(Table 2.5 and Figure 2.6). Consistent with the vast majority of transcripts assembled being 
gene models, 65% of the 427,397,978 reads mapped to one or more of the 41,671 TAIR10 
gene models. 18% were non-mapped, which included reads that failed to map, trimmed 
reads and low quality reads that were filtered. 13% of the reads mapped to other genomic 
regions that were not annotated gene models or identified lncRNAs. These included reads 
that assembled a transcript which was filtered during lncRNA identification and reads that 
were not abundant enough to assemble a transcript (possible background noise). 3% of the 
reads were mapped to unannotated regions that were identified as lncRNAs. These 
10,823,560 reads contributed to assembling the 8,178 lncRNAs identified. Lastly, 1% of the 
reads overlapped two or more of the mapped categories; gene models, unannotated 
transcripts and/or lncRNAs. 
 As the total number of reads that map to lncRNAs were calculated, it was possible to 
re-evaluate sequencing coverage relative to lncRNAs (Table 2.6). A total 10,823,560 reads 
mapped to 8,178 lncRNAs. This was an average of 901,963 reads per replicate, ranging from 
302,240 to 1,959,270. The 8,178 lncRNAs had a combined length of 3,765,327 nt, which 
enabled sequencing coverage to be estimated, although this assumes equal expression. 
There was an average coverage per base of 24 times, ranging from 8 to 52. ColxCol replicate 
three had the lowest number of reads mapping to lncRNAs (coverage of 8), followed by 
C24xCol replicate two (coverage of 10). Consequently, this has reduced the total lncRNAs 
that were reproducibly assembled in all three biological replicates for ColxCol and C24xCol.  
Overall there appeared to be sufficient coverage for the experiment despite 
limitation with two replicates. LncRNAs present in two or more replicates, a total of 2,807, 
were chosen for all subsequent analyses. Each cross had sufficient coverage in at least two 
replicates to reproducibility assemble the same lncRNA. Being reproducible also gave a 
higher confidence in the lncRNA and suggested higher expression. 8,178 may represent the 
true number of lncRNAs in A. thaliana 1 DAP siliques, but many could potentially be 
transcriptional noise or are too lowly expressed to reproducibly assemble a transcript. 
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Figure 2.6 Annotation of sequencing reads from A. thaliana Col and C24 
crosses. Pie chart of Table 2.5. 
 
 
 
 
 
 
 
 
 
 
 
Table 2.6 Estimated sequencing coverage of lncRNAs in A. thaliana Col and C24 crosses. In total, 10,823,560 reads assembled 8,178 lncRNAs. For each biological replicate within 
each cross, an estimated re-evaluated coverage is given, relative to the lncRNAs identified. The estimation is based on equal transcription of the 8,178 lncRNAs that comprise 
3,765,327 nt (however, lncRNA expression is likely to vary). 
* Assumes equal transcription of all 8,178 lncRNAs that comprise 3,765,327 nt. Coverage estimate = (mapped reads x read length /genome size). 
 
 Gene models Non-mapped Unannotated LncRNA Overlap Total 
All reads 278,962,948 77,510,598 55,172,158 10,823,560 4,928,714 427,397,978 
Percentage 65.27% 18.14% 12.91% 2.53% 1.15% 100% 
Cross ColxCol C24xC24 ColxC24 C24xCol Total 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 N/A 
lncRNA specific 
reads 
829,314 696,792 302,240 1,086,936 1,047,690 1,959,270 562,974 556,654 476,948 1,405,698 386,884 1,512,160 10,823,560 
Coverage of 8,178 
lncRNAs* 
22 19 8 29 28 52 15 15 13 37 10 40 287 
Table 2.5 Annotation of sequencing reads from A. thaliana Col and C24 crosses. All 
427,397,978 100 bp reads (213,698,989 paired reads) were annotated based on their mapping, 
or lack thereof. Categories included the 41,671 TAIR10 gene models, non-mapped reads, reads 
that mapped to unannotated loci, mapped to the 8,178 lncRNAs and reads that overlapped 
two or more of the mapped categories; gene models, unannotated transcripts and/or lncRNAs.  
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2.3.6 Bioinformatic annotation reveals diversity of lncRNAs  
The estimated 2,807 total lncRNAs were annotated into four classes relative to 
TAIR10 gene models: intergenic, antisense exonic, sense intronic and antisense intronic 
(Table 2.7 and Figure 2.7A). The majority of lncRNAs were either sense intronic (40%) or 
antisense exonic (37%) relative to TAIR10 gene models. However, these neighbouring TAIR10 
gene models were not necessarily expressed (6% had no mapped reads, 21% had an 
estimated FPKM < 1). 23% of the lncRNAs were intergenic, being in unannotated genomic 
space between TAIR10 gene models. Potential intergenic lncRNAs ranged from a 10 to 9,489 
bp distance from the closest gene model, with a median of 412 bp (92% were within a 2 kb 
distance, 78% within a 1 kb distance). Relatively fewer lncRNAs were identified to be 
antisense intronic (0.2%). These had no antisense overlap with a TAIR10 gene model exon.  
Intergenic lncRNAs were further annotated into sub-classes relative to the closest 
neighbouring TAIR10 gene model within 1 kb (Table 2.8 and Figure 2.7B). It was considered 
that intergenic lncRNAs within 1 kb of a gene model could be acting in cis on the gene 
model. These sub-classes were: sense 5’ end, antisense 5’ end, sense 3’ end, antisense 3’ 
end and distance > 1 kb. Most of the intergenic lncRNAs were sense 3’ (31%) and sense 5’ 
end (25%) relative to the closest neighbouring TAIR10 gene model within 1 kb. It is possible 
that a subset of these lncRNAs correspond to untranslated regions of incorrectly or 
unannotated proteins coding genes. For the sense 3’, a subset of these could possibly 
represent transcriptional read-through. Interestingly, 22% were > 1 kb distance from a gene 
model (up to 9,489 bp), likely representing independent transcription. Although lower 
frequency, antisense 3’ end (13%) and antisense 5’ end (9%) were still represented. These 
may also be within untranslated regions of the neighbouring gene model, but as they 
correspond to the antisense strand, must represent independent transcriptional units. 
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Table 2.7 Annotation of A. thaliana lncRNAs relative to TAIR10 gene models. The spatial location of all 
lncRNAs was determined and annotated relative to the genomic features of neighbouring TAIR10 gene models, 
classifying them into antisense exonic, intergenic, sense intronic and antisense intronic lncRNAs. 
 
LncRNA Intergenic Antisense exonic Sense intronic Antisense intronic Total 
Presence ≥2/3 
replicates 
649 1,032 1,119 7 2,807 
Presence ≥2/3 
replicates (%) 
23% 37% 40% 0.2% 100% 
 
 
Table 2.8 Annotation of A. thaliana intergenic lncRNAs relative to the closest TAIR10 gene model. Intergenic 
lncRNAs were further classified based on the closest neighbouring gene model within 1 kb proximity: sense 5’ 
end, antisense 5’ end, sense 3’ end, antisense 3’ end and distance > 1 kb intergenic lncRNAs. 
 
LncRNA Sense 5’ end 
Antisense 5’ 
end 
Sense 3’ end 
Antisense 3’ 
end 
Distance > 1 kb Total 
Presence ≥2/3 
replicates 
162 60 200 84 143 649 
Presence ≥2/3 
replicates (%) 
25% 9% 31% 13% 22% 100% 
 
 
 
 
(A) 
 
 
 
 
 
 
 
(B)    
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Figure 2.7 Annotation of A. thaliana lncRNAs relative to TAIR10 gene models. (A) The spatial location of all 
lncRNAs was determined and annotated relative to the genomic features of neighbouring TAIR10 gene models, 
classifying them into antisense exonic, intergenic, sense intronic and antisense intronic lncRNAs. (B) Intergenic 
lncRNAs were further classified based on the closest neighbouring gene model within 1 kb proximity: sense 5’ 
end, antisense 5’ end, sense 3’ end, antisense 3’ end and distance > 1 kb intergenic lncRNAs. 
 
 
2.3.7 Comparing the lncRNA and TAIR10 transcriptomes 
 Utilising the coordinates of the 2,807 lncRNAs, genomic distribution was plotted 
alongside TAIR10 gene models, as shown in Figure 2.8. LncRNAs were present across all 
chromosomes, like TAIR10 gene models, including the chloroplast and mitochondria 
genomes. Genomic loci containing high abundance of gene models also had a large 
abundance of lncRNAs, for example; the largest peaks on chromosomes 1 and 4. This is 
consistent with most of the lncRNAs being sense intronic and antisense exonic to gene 
models. Correspondingly, loci with low abundance of gene models had few lncRNAs, most 
notably centromere regions.  
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Figure 2.8 Genomic distribution of A. thaliana lncRNAs and TAIR10 gene models. The A. thaliana genome was 
divided into 10 kb bins and the count of lncRNAs and TAIR10 gene models plotted accordingly. LncRNA 
distribution across the A. thaliana genome is represented by a red line graph, plotting position on chromosome 
(Mb) against number of lncRNAs (0 – 25). For comparison, TAIR10 gene model distribution is also plotted, 
represented by a blue heat map (0 – 25 gene models, increasing white to dark blue shading).  
 
 
The 2,807 lncRNAs were compared to TAIR10 gene models, for expression (FPKM), 
length (bp) and number of exons (Figure 2.9). The identified lncRNAs were found to be much 
lower in expression than TAIR10 gene models. LncRNAs had a median FPKM of 1.5, 
compared to a median FPKM of 6 for TAIR10 gene models. Similarly, the lncRNAs were found 
to be much shorter in length with a median of 542 nt, compared to gene models having a 
median length of 1,500 nt. However, lncRNA lengths ranged vastly from 200 nt to greater 
than 8 kb. Most lncRNAs identified were not spliced; lncRNAs had a median exon number of 
1.3, TAIR10 gene models had significantly more splice sites (and alternative splicing) with a 
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median exon number of 5. Although 85% of the lncRNAs were not spliced, lncRNAs were 
assembled that contained 14 exons.  
 
 
Figure 2.9 Comparing A. thaliana lncRNAs identified to TAIR10 gene models by expression, length and exon 
count. (A) LncRNA expression (Fragments Per Kilobase of transcript per Million mapped reads, FPKM) 
compared to TAIR10 gene models. (B) LncRNA length (nucleotides, nt) compared to TAIR10 gene models. (C) 
LncRNA exon number compared to TAIR10 gene models. 
 
 
2.3.8 Comparing lncRNAs to overlapping /neighbouring genes  
Many of the lncRNAs identified overlapped or were within 1 kb proximity of genes. 
As the majority of characterised plant lncRNAs have cis-regulatory functions (reviewed in 
Chapter One), the function of the lncRNAs identified may be associated with these genes. 
Accordingly, the overlapping /neighbouring genes were recorded and analysed. 
Firstly, a gene ontology analysis was performed on the overlapping /neighbouring 
genes. Five significant biological process gene ontology terms were identified (Figure 2.10). 
Most notably, a highly significant gene ontology term of post-embryonic development was 
identified (p-value 5.80x10-15, FDR 2.08x10-11). Other enriched terms were organ 
development, system development, multicellular organismal process and multicellular 
organismal development. Post-embryonic development enrichment indicates that seed 
development transcripts have been captured. For cellular component and molecular 
function, gene ontology terms were less significant (not shown). The most significant terms 
were respiratory chain, membrane, peptidase activity and catalytic activity These terms are 
(A)                              (B)                                   (C) 
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likely representative of the high-energy demands of silique and seed development. Rapid 
growth is occurring, with high turnover of new proteins and breakdown of other proteins. 
 Next, the expression (FPKM) of each lncRNA and overlapping /neighbouring gene 
model (within 1 kb distance) was calculated and compared (Figure 2.11). As expected, the 
majority of all lncRNAs were lower expressed than the neighbouring TAIR10 gene model. 
Other lncRNAs were higher expressed than the neighbouring gene model, which was lowly 
or not expressed. These lncRNAs represent potential candidates for negative cis-regulation. 
Antisense exonic, intergenic and antisense intronic lncRNA expressions had poor correlation 
to the neighbouring gene model expression (R2 value), which was consistent with them 
being independent transcriptional units. However, for sense intronic lncRNAs, a high 
correlation was observed, where the lncRNAs are likely being transcribed by the same 
promoter as the gene model and/or are a splicing product. A minority of sense intronic 
lncRNAs that did not correlate to expression of the neighbouring gene models were also 
observed. These are likely independent transcriptional units. Regarding antisense intronic 
lncRNAs, all were lowly expressed, which likely limited the detection of this class of lncRNAs. 
78 
 
 
 
Figure 2.10 Biological process Gene Ontology (GO) analysis of gene models overlapping /neighbouring a 
lncRNA. For each lncRNA identified, the overlapping or closest neighbouring gene model (within 1 kb 
proximity) was recorded. This list was analysed utilising agriGO: the Gene Ontology analysis toolkit and 
database for the agricultural community (Du et al., 2010). Significant biological process GO terms are shown, 
with the FDR in brackets. The smaller the p-value (not shown), the more significant statistically, which is 
represented by incremental darker shading from yellow to red.  
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Figure 2.11 Expression comparison of A. thaliana lncRNAs identified and the overlapping /neighbouring 
TAIR10 gene model. For each lncRNA identified, the overlapping or closest neighbouring gene model (within 1 
kb proximity) was recorded. LncRNA expression was plotted against the TAIR10 gene model expression as log2 
of Fragments Per Kilobase of transcript per Million mapped reads (log2FPKM). (A) Antisense exonic lncRNAs 
versus TAIR10 gene model expression. (B) Intergenic lncRNAs versus TAIR10 gene model expression. (C) Sense 
intronic lncRNAs versus TAIR10 gene model expression. (D) Antisense intronic lncRNAs versus TAIR10 gene 
model expression. Coefficient of correlation (R
2
) is included for each graph to investigate potential regression. 
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2.3.9 SNP analysis to identify potentially imprinted lncRNAs 
 As subsets of lncRNAs are possibly maternally or paternally expressed, an imprinting 
analysis was performed. However, this was limited as contamination from maternal tissue is 
a widespread problem for many studies reporting maternally expressed genes (Schon and 
Nodine, 2017). Therefore, maternally expressed transcripts were tentative, pending further 
confirmation. Paternally expressed transcripts were more confident, as a paternal genome 
can only be present in the endosperm or embryo.  
The imprinting analysis was performed by identifying SNPs between Col and C24, 
then testing the sites in the reciprocal crosses (ColxC24 and C24xCol). Base calls were 
counted and according to the defined ratio (outlined in 2.2.7) gene model transcripts and 
lncRNAs that passed the binomial test (FDR < 0.05) in two or all three biological replicates of 
both crosses are shown in Table 2.9. As sequencing coverage may limit tests in all three 
biological replicates for some crosses, it is only shown as an additional comparison.  
 First, a positive control of 330 endosperm specifically expressed genes was used (Le 
et al., 2010; Belmonte et al., 2013). 44 maternally and six paternally expressed endosperm 
specific genes were successfully identified, that have been previously reported as imprinted 
(Gehring et al., 2011; Hsieh et al., 2011; McKeown et al., 2011; Wolff et al., 2011). Following, 
all expressed TAIR10 gene models were tested. 15,024 maternally and 258 paternally 
expressed gene models were identified. This is comparable to other studies; for instance 
Wolff et al. (2011) identified 12,041 maternally and 119 paternally expressed genes in A. 
thaliana ColxBur 4 DAP seeds (although maternal seed coat was a limitation). All imprinted 
genes reported by Wolff et al. (2011) were successfully identified. Thus, potentially an 
additional 2,983 maternally and 139 paternally expressed gene models have been identified. 
These could be non-adenylated transcripts not captured by other studies. However, it is 
likely many of the maternally expressed genes are false-positives from maternal silique 
valve. Indeed, the majority of maternally expressed genes are false-positives in most studies 
(Schon and Nodine, 2017). 
 Next, the imprinting method adopted was applied to all 2,807 lncRNAs identified. 295 
lncRNAs (11%) were identified to potentially be maternally expressed. These could be from 
the endosperm, embryo or possibly be a false-positive from maternal tissue. Although in 
very small abundance, two lncRNAs (0.07%) were identified to potentially be paternally 
expressed. These could be from the endosperm or embryo, but not maternal tissue, thus 
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were highly confident. These potentially imprinted lncRNAs are ideal candidates for further 
study. 
 
 
Table 2.9 Imprinting analysis of A. thaliana 1 DAP siliques gene models and lncRNAs. Imprinting was tested 
under the condition transcripts pass the binomial test (FDR < 0.05) in at least two or all three biological 
replicates of both of the reciprocal crosses ColxC24 and C24xCol. An endosperm specifically expressed gene list 
was used as a control, pre-globular GSE12402 dataset (Le et al., 2010; Belmonte et al., 2013).  
 
Imprinting analysis Endosperm gene list All gene models LncRNAs 
Maternally expressed (≥ 2/3 replicates) 44 15,024 295 
Maternally expressed (= 3/3 replicates) 32 12,915 139 
Paternally expressed (≥ 2/3 replicates) 6 258 2 
Paternally expressed (= 3/3 replicates) 4 119 0 
 
 
2.3.10 The majority of lncRNAs identified are novel 
 To evaluate the novelty of the lncRNAs, the 2,807 lncRNAs identified were compared 
to published lncRNAs and other key datasets (Table 2.10 and Figure 2.12). Of the limited 
available resources, A. thaliana lncRNAs are recorded in the Araport11 A. thaliana 
annotation (Cheng et al., 2017), the Plant Long non-coding RNA Database (PLncDB) (Jin et al., 
2013) and reports of NATs (Wang et al., 2014a). 
Comparison to the Araport11 annotation, 607 (22%) of the lncRNAs were previously 
identified. Comparison to the PLncDB, only 242 (7%) of the lncRNAs were previously 
reported, most being intergenic lncRNAs from a reproducibility-based tiling array analysis 
strategy (RepTAS) (Liu et al., 2012). 464 (17%) of the lncRNAs overlapped published NATs 
(Wang et al., 2014a), most overlap being from antisense exonic lncRNAs. Comparing the 
2,362 lncRNAs to all three published datasets, 1,050 of the lncRNAs were previously 
identified; 1,757 (63%) are potentially novel lncRNAs.  
 Many lncRNAs had overlap with a TE; 233 (8%) had overlap in the sense direction, 
244 (9%) were antisense to a TE. 65 lncRNAs were in both categories, thus total 412 lncRNAs 
(15%) overlapped TEs. Most of these in both cases were intergenic lncRNAs. It was predicted 
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that the 244 lncRNAs with sense orientation overlap were not TEs themselves, having much 
larger length, partial overlap and absence of an ORF (typical of autonomous transposable 
elements). LncRNAs identified could be silencing TEs by RdDM.  
 LncRNAs may potentially facilitate the imprinting of genes, therefore overlap with 
imprinted genes was tested. Approximately half of the lncRNAs overlapped a maternally 
expressed gene, which was unsurprising due to the high false-positive identification of 
maternal expression as previously discussed (i.e. see Schon and Nodine, 2017). LncRNAs 
overlapped confidently identified paternally expressed genes; nine total (0.3%). Most of 
these lncRNAs were antisense to the exons of the paternally expressed gene. Potentially 
these lncRNAs recruit PRC2 to the loci to facilitate allele specific repression.  
 Next, lncRNAs were compared to a specific list of endosperm expressed genes (Le et 
al., 2010; Belmonte et al., 2013). A total of 18 of the lncRNAs had overlap to the list (0.6%), 
most being antisense exonic to the endosperm gene. Interestingly, of the six intergenic 
lncRNAs overlapping endosperm genes, five were 3’ end antisense to the endosperm gene. 
Potentially these lncRNAs perform cis-regulatory functions.  
 A list of 1 DAP silique RNA 5-methylcytosine (m5C) sites were also investigated, which 
was under development and being contributed to for another project (David et al., 2016). It 
was found that four (0.1%) of the lncRNAs were methylated. This was three intergenic and 
one antisense exonic lncRNAs. It is possible these lncRNAs form stable structures to perform 
a molecular function. 
Overall, the majority of lncRNAs identified were novel. Other lncRNAs identified were 
highly reproducible from published datasets. There are many interesting candidates for 
further research, six of which were chosen for further bioinformatic investigation.  
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Table 2.10 Comparison of lncRNAs identified in A. thaliana lncRNAs to published and key datasets. All 2,807 
lncRNAs identified were tested for presence /overlap with published A. thaliana lncRNAs, Natural Antisense 
Transcripts (NATs), transposable elements, imprinted genes, endosperm specific genes and RNA 5-
methylcytosine sites. When comparing with gene datasets, intergenic lncRNAs don’t directly overlap a gene 
model, thus proximity of 1 kb upstream /downstream was imposed under the assumption of possible 
association or cis activity with the gene model.  
 
LncRNA vs. dataset Intergenic 
Antisense 
exonic 
Sense 
intronic 
Antisense 
intronic 
Total % of 2,807 
Araport11 A. thaliana annotation*  
(Cheng et al., 2017) 
263 167 177 0 607 21.62% 
Plant lnRNA database (PLncDB)* 
(Jin et al., 2013) 
197 45 0 0 242 8.62% 
Natural Antisense Transcripts (NATs)* 
(Wang et al., 2014a) 
38 294 130 2 464 16.53% 
Transposable elements* 
(TAIR10) 
156 49 28 0 233 8.30% 
Antisense to transposable elements 
(TAIR10) 
107 103 34 0 244 8.69% 
Maternally expressed genes (MEGs) 
(this study: Jones et al., unpublished) 
189 
(in 1kb) 
417 686 3 1,295 46.13% 
Paternally expressed genes (PEGs) 
(this study: Jones et al., unpublished) 
2 
(in 1kb) 
7 0 0 9 0.32% 
Endosperm specific genes 
(Le et al., 2010; Belmonte et al., 2013) 
6 
(in 1kb) 
8 4 0 18 0.64% 
m5C RNA methylation sites* 
(David et al., 2016) 
3 1 0 0 4 0.14% 
*Strand specific, same orientation for overlap. 
 
 
 
 
Figure 2.12 Comparison of A. thaliana lncRNAs to published lncRNAs. All 2,807 lncRNAs identified were tested 
for overlap with published lncRNA datasets. These included the Araport11 A. thaliana annotation (Cheng et al., 
2017), the plant lncRNA database (Jin et al., 2013) and long non-coding natural antisense transcripts (Wang et 
al., 2014a). In total, there is approximately 40,000 lncRNAs reported in A. thaliana. 
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2.3.11 Further investigation of six lncRNA candidates 
From the 2,807 lncRNAs identified, six candidates were chosen based on unique 
features and novelty for further investigation (Table 2.11). LncRNAs with different 
transcription patterns (relative to TAIR10 gene models), lengths and exon numbers are also 
represented. Each of the six candidates were imaged in the Integrative Genomics Viewer, 
IGV (Robinson et al., 2011; Thorvaldsdóttir et al., 2013) (Figure 2.13). Furthermore, for each 
candidate, a minimum free energy structure prediction was generated by the RNAfold tool 
of ViennaRNA Package 2.0 (Lorenz et al., 2011) (Figure 2.14). 
 The first lncRNA candidate, antisense exonic TCONS_00000244, was identified as 
paternally expressed. The lncRNA had similar expression in all crosses (FPKM 1), however, > 
50% of the allele frequencies in reciprocal hybrids were the paternal allele (FDR < 0.05). In 1 
DAP siliques, a paternal genome is only present in the embryo and in the endosperm, 
suggesting a predominant expression of this lncRNA at one or both of these locations (likely 
the endosperm due to the genome imbalance). The majority of the 1,470 nt lncRNA was 
antisense to a pseudo gene that has similarity to CHP-rich zinc finger proteins. The lncRNA 
also had overlap to TEs, consistent with imprinted loci. Interestingly, the lncRNA appeared to 
contain an intron in ColxCol and ColxC24, but was not spliced in C24xC24 and no transcript 
was assembled in C24xCol. The lncRNA had several areas of high base pair probabilities that 
suggest a secondary structure (Figure 2.14A). The lncRNA has not been reported by any 
other study. 
 Intergenic TCONS_00000064 is the smallest candidate chosen, being 286 nt with only 
one exon. The lncRNA is in proximity to an RNA binding protein with unknown targets, an 
uncharacterised protein and an endosperm specifically expressed gene. The transcript 
contains high base pairing probabilities throughout its sequence, which appears to produce 
stem loop like structures (Figure 2.14B). The lncRNA has not been reported by any other 
study. 
 TCONS_00001553 was sense intronic relative to the endosperm specifically 
expressed gene AT3G23760, which has an unknown biological process and unknown 
molecular function. The gene has an uncommonly large intron at approximately 1 kb long, in 
which the 566 nt single exon lncRNA is transcribed. It is possible that the lncRNA is driven by 
the same promoter as the gene, which could lead to endosperm specific expression. The 
lncRNA has not been reported by any other study. 
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 Only seven antisense intronic lncRNAs were identified in the study, one 
representative of this class is TCONS_00001171. This 1,027 nt single exon lncRNA is within a 
1.4 kb intron of AT2G46810: a basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein. This protein has sequence-specific DNA binding transcription factor activity, being 
involved in regulation of transcription within the nucleus. The lncRNA has also been 
independently reported by Wang et al. (2014a) but not characterised. 
 Intergenic TCONS_00002179 is one of four lncRNAs containing an RNA 5-
methylcytosine site (m5C). This site was at the 645th base of the 2,043 nt single exon lncRNA. 
The m5C site may induce an important secondary structure or protect the transcript from 
degradation. Indeed, there were high base pairing probabilities to suggest a secondary 
structure (Figure 2.14E), more than published lncRNAs COLDAIR and COOLAIR (Swiezewski et 
al., 2009; Heo and Sung, 2011). The lncRNA was the highest expressed candidate, with 
FPKMs > 100. The lncRNA has not been reported by any other study. 
Some lncRNAs identified were very large in terms of length and number of exons. For 
instance, the final candidate, intergenic TCONS_00000203 is 2,372 nt long and is composed 
of 14 exons. It is located within an area lacking gene models, the closest gene being over 5 
kb away. Gene density is low in loci approaching the centromere and often contains 
repetitive sequences. Indeed, TEs were in proximity. The 14 exon lncRNA was consistently 
detected in maternal Col crosses (ColxCol and ColxC24). Furthermore, the lncRNA has also 
been recorded in the PLncDB but has not been characterised (Jin et al., 2013). It is possible 
that the lncRNA is maternally expressed; however there was no SNP between Col and C24 to 
test this.  
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Table 2.11 LncRNA candidates identified in A. thaliana Col and C24 crosses. Six candidates were chosen, 
based on unique features and novelty. A variety of lengths, exon numbers and genomic features were also 
represented. Expression as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) is displayed 
in the following order: ColxCol, C24xC24, ColxC24 and ColxC24. 
 
LncRNA ID Features Gene model(s) Novelty 
(A) 
Antisense 
exonic 
TCONS_000
00244 
1,470 nt 
2 exons 
 
FPKMs = 
1.13, 0.97, 
1.42, 1.24 
Antisense overlap to AT1G55410: pseudogene, CHP-rich zinc 
finger protein, putative, similar to putative CHP-rich zinc finger 
protein GB:CAB77744 GI:7268217. 
 
Antisense overlap to AT1TE68335 and sense overlap to 
AT1TE68325. 
Paternally expressed 
lncRNA. LncRNA not 
reported. 
(B) 
Intergenic 
TCONS_000
00064 
286 nt 
1 exon 
 
FPKMs = 
0.73, 1.52, 
1.22, 1.70 
3' antisense proximity to AT1G14170: RNA-binding KH domain-
containing protein; FUNCTIONS IN: RNA binding, nucleic acid 
binding; INVOLVED IN: biological process unknown; LOCATED 
IN: cellular component unknown. 
 
5' antisense proximity to AT1G14160: Uncharacterised protein 
family (UPF0497). CASP-LIKE PROTEIN 1A1, CASPL1A1. 
 
3’ sense proximity to AT1G14150: Encodes a subunit of the 
NAD(P)H dehydrogenase complex located in the chloroplast 
thylakoid lumen. PHOTOSYNTHETIC NDH SUBCOMPLEX L 2, 
PNSL2, PQL1, PQL2, PSBQ-LIKE 1, PSBQ-LIKE 2. 
LncRNA in proximity to 
RNA binding protein of 
with unknown function, 
an uncharacterised 
protein and endosperm 
specific gene AT1G14150. 
High base pair 
probabilities suggest a 
stable secondary 
structure. LncRNA not 
reported. 
(C)  
Sense 
intronic 
TCONS_000
01553 
566 nt 
1 exon 
 
FPKMs = 
1.93, 3.51, 
1.82, 2.10 
Sense intronic to AT3G23760: FUNCTIONS IN: molecular 
function unknown; INVOLVED IN: biological process unknown; 
LOCATED IN: vacuole; EXPRESSED IN: 20 plant structures; 
EXPRESSED DURING: 13 growth stages; BEST Arabidopsis 
thaliana protein match is: transferases, transferring glycosyl 
groups (TAIR:AT4G14100.1) 
Sense intronic lncRNA 
within an endosperm 
specifically expressed 
gene. Higher expression 
in the ColxC24 hybrid. 
LncRNA not reported. 
(D) 
Antisense 
intronic 
TCONS_000
01171 
1,027 nt 
1 exon 
 
FPKMs = 
0.56, 1.09, 
0.33, 0.79 
Antisense intronic to AT2G46810: basic helix-loop-helix (bHLH) 
DNA-binding superfamily protein; FUNCTIONS IN: DNA 
binding, sequence-specific DNA binding transcription factor 
activity; INVOLVED IN: regulation of transcription; LOCATED 
IN: nucleus. 
Antisense intronic lncRNA 
(only 7 identified). 
Potential cis-regulatory 
activity on the opposing 
gene model. Expressed in 
both Col and C24. Also 
reported by Wang as a 
non-coding NAT, but not 
characterised. 
(E) 
Intergenic 
TCONS_000
02179 
2,043 nt 
1 exon 
 
FPKMs = 
134, 208, 
214, 224 
5’ antisense proximity to AT5G16610: unknown protein 
located in the nucleus. 
 
5’ sense proximity to AT5G16620: chloroplast protein import 
(Tic40). ATTIC40, PDE120, PIGMENT DEFECTIVE EMBRYO 120, 
TIC40, TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF 
CHLOROPLASTS 40. 
m
5
C at Chr5 5449147, 
base 645 of the lncRNA. 
Very highly expressed 
lncRNAs. LncRNA not 
reported. 
(F) 
Intergenic 
TCONS_000
00203 
2,372 nt 
14 exons 
 
FPKMs = 
1.11, 0.01, 
1.13, 0.14 
No protein coding gene model within 5 kb upstream or 
downstream.  
 
3’ sense proximity to transposable elements AT1TE58355 and 
AT1TE58360. 
Large multi exonic 
intergenic lncRNA in area 
lacking gene models. 
Predominantly expressed 
in a maternal Col. Also 
reported by PLncDB but 
not characterised. 
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(A) Antisense exonic TCONS_00000244 
(B) Intergenic TCONS_00000064 
(C) Sense intronic TCONS_00001553 
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(D) Antisense intronic TCONS_00001171 
(E) Intergenic m5C TCONS_00002179 
(F) Intergenic TCONS_00000203 
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Figure 2.13 Genomic displays of the A. thaliana lncRNA candidates identified. The six candidates (A to F) are 
shown in the Integrative Genome Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013). Loaded into the 
viewer in descending rows: TAIR10 gene models (Gene), transposable elements alongside transposable 
element genes (TEs+TE_genes.gtf), all lncRNAs Cuffmerege reference (All.LncRNAs.gtf), followed by the four A. 
thaliana crosses ColxCol, C24xC24, ColxC24 and C24xCol. (G and H) Published lncRNAs are shown for 
comparison; COOLAIR long /short versions (Swiezewski et al., 2009), COLDAIR (Heo and Sung, 2011) and 
HIDDEN TREASURE 1 (Wang et al., 2014c). 
 
(G) COOLAIR and COLDAIR 
(H) HIDDEN TREASURE 1 
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(C) Sense intronic TCONS_00001553   (D) Antisense intronic TCONS_00001171 
(A) Antisense exonic TCONS_00000244  (B) Intergenic TCONS_00000064 
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(G) COOLAIR (long version)    (H) COOLAIR (short version) 
 
(E) Intergenic m5C TCONS_00002179  (F) Intergenic TCONS_00000203 
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Figure 2.14 Secondary structure predictions of the A. thaliana lncRNA candidates identified. Minimum free 
energy structure prediction generated by the ViennaRNA Package 2.0 RNAfold tool (Lorenz et al., 2011), 
utilising models and algorithms introduced by Zuker and Stiegler (1981). (A to F) Six lncRNA candidates. (G to J) 
Published lncRNAs are shown for comparison; COOLAIR long /short versions (Swiezewski et al., 2009), COLDAIR 
(Heo and Sung, 2011) and HIDDEN TREASURE 1 (Wang et al., 2014c). Coloured scale represents base pair 
probabilities.  
 
 
(I) COLDAIR      (J) HIDDEN TREASURE 1 
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2.3.12 Confirmation of a lncRNA candidate 
 To confirm a lncRNA candidate, a custom reverse transcription and PCR based 
strategy was devised (Figure 2.15A). The most confident sequence of the lncRNA was 
isolated, based on consistent assembly of the transcript in different crosses. As the lncRNA 
may or may not have a poly(A) tail, both oligo-dT and random hexamers were independently 
used to prime the reverse transcription (RT). However, as both the Watson and Crick strands 
may produce a transcript (particularly lncRNAs overlapping an expressed TAIR10 gene 
model), directionality was also verified. Accordingly, a custom Watson and Crick oligo was 
designed for each lncRNA to independently prime RT. Oligos for PCR were independent to 
the RT oligos, the cDNA products were purified, 35 cycles of PCR were performed and 
fragments separated by agarose gel electrophoresis. 
 Using this strategy, antisense intronic lncRNA TCONS_00001171 was verified in 
silique tissue (Figure 2.15B). In the absence of template RNA or reverse transcriptase during 
RT, no PCR product could be detected. These negative controls demonstrated absence of 
gDNA, primer dimers and spurious amplification. Performing RT with oligo-dT or random 
hexamers enabled the PCR amplification of the expected 185 bp amplicon. This 
demonstrated a transcript present at this loci and also suggested the lncRNA undergoes 
polyadenylation. When RT was primed with the custom Watson and Crick oligos, two 
different results were observed. Watson oligo RT demonstrated no clear 185 bp amplicon 
from PCR, although other products were amplified. This suggests the Watson oligo had 
unspecific binding to other targets. Crick oligo RT enabled PCR amplification of the expected 
185 bp product, confirming the antisense transcription of the lncRNA TCONS_00001171. 
gDNA was used as a positive control, which yielded the expected 185 bp amplicon during 
PCR. 
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Figure 2.15 Example PCR verification of an A. thaliana lncRNA identified in 1 DAP siliques. In this example, 
antisense intronic lncRNA TCONS_00001171 was verified by PCR. (A) Experimental design for reverse 
transcription (RT) and PCR. Two RT oligos were designed; one for the Watson strand (red, no RT expected) and 
one for the Crick strand (green, RT expected). PCR forward and reverse oligos (PCR-F/R) were designed within 
the expected RT cDNA to generate a 185 bp amplicon. Schematic modified from the Integrative Genome 
Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013). (B) Agarose gel electrophoresis of PCR products. 
100 bp ladder for reference (NEB), no template RNA during RT, no RT enzyme (reverse transcriptase) during RT, 
oligo-dT primed RT, random hexamer primed RT, Watson oligo primed RT, Crick oligo primed RT and genomic 
DNA PCR. 
All lncRNAs 
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2.4 Discussion 
 
2.4.1 LncRNAs identified in siliques 
In this chapter, 2,807 lncRNAs were identified that could be detected in two or more 
biological replicates. The lncRNAs identified were lowly expressed, small in length and 
generally not spliced. The lncRNAs identified were novel; 1,757 (63%) have not been 
previously reported. Similar to the findings of many other studies, these lncRNAs likely have 
specific spatial and/or temporal expression (Liu et al., 2012; Di et al., 2014; Wang et al., 
2014a; Li et al., 2016; Yuan et al., 2016). This study is the first to investigate lncRNAs in 1 DAP 
siliques, in an effort to identify early seed development lncRNAs. Amongst the 1,757 novel 
lncRNAs, antisense intronic lncRNAs and paternally expressed lncRNAs were identified, 
which have not been discovered by any other study. The lncRNAs identified in this chapter 
establish a foundation for further investigation into the diversity and role of lncRNAs in 
plants. 
One noticeable absent feature in many studies on lncRNAs is the reproducibility and 
confidence in the identification. This is increasingly important as pervasive transcription may 
occur, or transcripts detected could be by-products of regulated transcription. Multiple 
publications identify tens of thousands of lncRNAs in higher eukaryotes that are not 
reproducible (Qu and Adelson, 2012a, b; Etebari et al., 2015; Wang et al., 2015a). Thus it is 
difficult to assess the extent of lncRNA transcription. An approach Liu et al. (2012) took was 
test the presence across 200 tiling arrays, where > 95% of lncRNAs were reproducible in 
more than 35% of the arrays. In this chapter, reproducibility of the lncRNAs was tested 
amongst biological replicates, by independent transcript assembly and lncRNA identification 
in each of the three replicates. Initially, without consideration of reproducibility, 8,178 
lncRNAs were identified. However, when the criteria of being reproducible in two of the 
three biological replicates was imposed, this was reduced to 2,807. Similarly, when a 
stringent criteria of presence in all three biological replicates was imposed, only 680 lncRNAs 
were identified. These two sets of reproducible lncRNAs are robust and confident. However, 
lncRNAs are so lowly expressed and sequencing depth may have been limiting. Published 
lncRNAs involved in vernalisation, including COOLAIR, COLDAIR and COLDWRAP are very 
lowly expressed, only being detected by targeted amplification such as tiling arrays 
(Swiezewski et al., 2009; Heo and Sung, 2011; Seo et al., 2017). Acting in cis, it is likely these 
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lncRNAs are only needed in small abundance to perform their molecular function. In this 
chapter, only 3% of the reads contributed to all lncRNAs identified. It is possible that more 
sequencing depth would give more reproducibility of the potential 8,178 lncRNAs and also 
identify more lncRNAs. Initial testing by combining all reads into a single sample for 
assembly did increase the number of lncRNAs (to 8,906, not shown), suggesting more reads 
are needed to assemble more lncRNAs, but reproducibility cannot be tested in this manner.  
An alternative hypothesis is that spurious transcription (‘transcriptional noise’) has 
been sequenced (Wyers et al., 2005). Such transcripts are generally short lived and unstable. 
These are highly unlikely to be reproducibly detected regardless of sequencing depth. Other 
transcripts or products destined to be degraded may also have been sequenced as non-
adenylated transcripts have been captured. This could include spliced introns, UTRs and 
processed transcripts (e.g. miRNAs and snoRNAs). Such transcripts, along with spurious 
transcripts, undergo various degradation paths, such as digestion by the nuclear exosome, 
decapping, exonuclear degradation and nonsense mediated decay (Houseley and Tollervey, 
2009). Accordingly, this may increase the number of possible false-positive lncRNAs 
identified. However, the half-life of lncRNAs is shorter than mRNAs, which suggests 
capturing all lncRNAs is a challenge and confounds the identification process (Clark et al., 
2012). Thus, lncRNAs identified in this chapter and reports by other researchers, need 
further experimental validation. 
Lastly, for all lncRNAs identified, despite a robust bioinformatic pipeline, novel 
peptides less than 100 amino acids are a possibility. For instance Ingolia et al. (2011) 
reported that subsets of mouse intergenic lncRNAs are ribosomal bound, being potentially 
translated into proteins. However, ribosome profiling has provided evidence that this is 
unlikely given other ncRNAs and 5’ UTRs also share ribosomal occupancy, but are not 
translated; occupancy does not verify progression to translation (Guttman et al., 2013). 
Other studies, by mass spectrometry, found more than 92% of lncRNAs are not translated in 
human cell lines (Banfai et al., 2012). Despite these studies, micropeptides, have been 
identified from previously annotated lncRNAs. In mouse, Anderson et al. (2015) identified a 
conserved 46 amino acid micropeptide that regulates skeletal muscle performance. 
Therefore, a minority of lncRNAs may encode micropeptides. This study demonstrates that 
the bioinformatic identification of lncRNAs is not perfect and further empirical confirmation 
is necessary. 
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2.4.2 Diverse genomic locations of lncRNAs observed 
In this chapter, the 2,807 lncRNAs were identified to have diverse genomic locations. 
Most were sense intronic (40%) or antisense exonic (37%) relative to TAIR10 gene models. 
Intergenic lncRNAs (23%) were identified within 1 kb of gene models at the 5’ and 3’ ends, in 
either sense or antisense directions, relative to the neighbouring gene model. Furthermore, 
intergenic lncRNAs further than 1 kb from gene models were identified, greater than 9 kb 
distance. Although in low frequency, antisense intronic lncRNAs were also observed (0.2%).  
Many of the lncRNAs identified were sense intronic. One possibility for this occurrence is 
the detection of splicing by-products destined for further processing or degradation. Indeed, 
many of the sense intronic lncRNAs shared a similar expression to the gene model (and 
overall regression), suggesting dependent transcription. Interestingly, many highly expressed 
gene models with a large intron(s) didn’t contain a lncRNA (not shown), suggesting introns 
are predominantly (and promptly) degraded. The reproducible detection of sense intronic 
lncRNAs in two or more biological replicates suggest they are stable. If after canonical 
splicing, a lariat loop escapes debranching and degradation, a stable circular intronic long 
non-coding RNA (ciRNA) can form (Zhang et al., 2013). These have been identified in 
mammals but not plants. Largely uncharacterised, ciRNAs have possible regulatory roles in 
the nucleus where they are transcribed (and unlikely exported). ciRNAs are a class of circular 
RNAs (circRNAs), which are predominantly formed by non-canonical back-splicing of exons 
(Memczak et al., 2013). Exon-intron circRNAs (EIciRNAs) have also been reported in 
mammals (Li et al., 2015b). Other forms of ncRNAs are prevalent within protein coding gene 
introns, such as miRNAs (Chang et al., 2015) and snoRNAs (Yin et al., 2012). It is possible 
precursors of novel miRNAs and/or snoRNAs have been identified. Lastly, although low 
frequency, sense intronic lncRNAs were observed within gene models that appeared to not 
be expressed or considerably lower expressed, than the lncRNA. This suggests independent 
transcription and possible negative cis-regulation of the gene model, by the lncRNA.  
In this chapter, two classes of antisense lncRNAs were identified; antisense exonic and 
antisense intronic. Very few antisense intronic lncRNAs were identified, however, from the 
stringent bioinformatic pipeline, any overlap with a gene model exon would be classified as 
antisense exonic. This was frequent, given the small intron sizes of the majority of TAIR10 
gene models. In mammals, antisense lncRNA transcription has been implicated in 
widespread cis gene regulation (Pelechano and Steinmetz, 2013). This is also starting to be 
explored in plants (Zhu et al., 2013; Wang et al., 2014a). However, confidence in 
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identification of antisense transcription is a concern, especially for lowly expressed antisense 
transcripts. This is due to confines of RNA-seq library preparations. First, stranded 
techniques may not be as robust as advertised (Levin et al., 2010). Likewise, spurious 
antisense artefacts can arise by synthesis of second strand cDNA during reverse transcription 
(van Dijk et al., 2014; Innocenti et al., 2015). This is a limitation from reverse transcriptase’s 
innate DNA-dependent DNA polymerase activity (Spiegelman et al., 1970). In this chapter, 
these were managed as much as possible. The directional dUTP method chosen 
(Parkhomchuk et al., 2009), has reputable confidence (Levin et al., 2010). Furthermore, 
actinomycin D was added during reverse transcription, which has an inhibitory effect on 
double-stranded DNA synthesis (Perocchi et al., 2007). Nevertheless, in stranded tests with 
RBCL, unexpected antisense reads were observed. Although no transcripts were assembled, 
it is possible to have occurred at other loci. This possibility could explain the large number of 
lncRNAs that could be not reproducibly detected in two or more biological replicates. 
However, regarding the 2,807 reproducible lncRNAs, these are not predicted not to be 
spurious antisense transcription or artefacts. Rather, it is likely they have controlled, 
independent transcription and possible cis-regulatory activity. 
Numerous intergenic lncRNAs were identified in this chapter; the majority were within 1 
kb of a gene model, however 22% were distant and isolated from any gene model. Intergenic 
lncRNAs are the most reported lncRNA, as any sequencing reads, stranded or not, is 
sufficient to carry out identification. Many have been characterised to act in cis, however 
trans regulatory intergenic lncRNAs in mammals are also prevalent (Guttman et al., 2011). As 
intergenic lncRNAs are predominantly independent transcriptional units and do not overlap 
with a gene model, their functions can be more diverse and elusive. However, intergenic 
lncRNAs in proximity to gene models, notably those with the same transcriptional direction 
(5’ sense and 3’ sense), may not represent independent transcription. One possibility is 
stable UTR associated lncRNAs, or unannotated UTRs. Furthermore, for 3’ sense intergenic 
lncRNAs, transcriptional read-through is also a possibility. Such products are generally 
destined for degradation (Houseley and Tollervey, 2009). Although this may be true for the 
non-reproducible lncRNAs, others were being reproducibly detected, suggesting a stable 
transcript. For 5’ and 3’ antisense intergenic lncRNAs, it is generally perceived that 
independent transcription is occurring, but may be initiated by a neighbouring gene model 
promoter. Eukaryotic promoters exhibit bi-directionality whereby RNA polymerase can 
initiate transcription in either direction (Grzechnik et al., 2014). This is a demonstrated 
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phenomenon by RNA polymerase II, which is known to transcribe lncRNAs (Guttman et al., 
2009). This is supported by a subset of intergenic lncRNAs being 5’ antisense relative to 
neighbouring gene models within 1 kb. Similar, 3’ antisense intergenic lncRNAs could be 
initiated by the promoter of the next closest gene model.  
 
 
2.4.3 Exploring novel lncRNA candidates 
In this chapter, most lncRNAs were novel (63%), not being reported by any other 
study. The majority of lncRNAs identified were overlapping /neighbouring gene models, 
particularly being antisense to exons and sense intronic to protein coding genes. Novel 
lncRNA candidates were identified that were overlapping seed development genes, in 
particular a significant enrichment of post-embryonic development GO terms. Furthermore, 
18 lncRNAs overlapped genes specifically expressed in the endosperm, possibly sharing 
temporal and spatial expression. This is highly likely for sense intronic lncRNAs if they are 
splicing products of these genes. These lncRNA candidates identified could have cis-
regulatory roles on these genes, which is a prevalent phenomenon in plant lncRNAs 
(reviewed by Ariel et al., 2015; Liu et al., 2015).  
Other novel lncRNA candidates potentially had allele specific expression. Significant 
differences in lncRNA expressions were observed relative to parent of origin. Furthermore, 
by an SNP analysis of allele frequencies, 295 lncRNAs were identified to potentially be 
maternally expressed and two were identified to potentially be paternally expressed. If these 
lncRNAs are imprinted, it is likely that they are expressed in the triploid endosperm, where 
imprinting is prevalent due to the genome imbalance (Rodrigues and Zilberman, 2015). 
Hsieh et al. (2009) has reported that the maternal diploid central cell genome undergoes 
DNA demethylation by DEMETER prior to fertilisation with a paternal haploid methylated 
sperm cell. This can give rise to maternally expressed transcripts, as the paternal genome 
remains methylated. Imprinted lncRNAs is supported by the observation that candidates 
were in direct proximity to TEs, the primary areas of repressive DNA methylation (Gehring et 
al., 2009). For the maternally expressed lncRNAs identified, unfortunately false-positives are 
likely arising from the maternal silique tissue. Multiple published datasets have been 
recently been found to have this problem, particularly from the maternal seed coat (Schon 
and Nodine, 2017). Thus, further experiments in expression and/or inter-cellular localisation, 
would need to be performed to confirm maternally expressed lncRNAs.  
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For paternally expressed lncRNAs, the bias in expression can only arise from the 
endosperm (most likely) or embryo. This occurs by histone modification mediated by PRC2 
catalysing the repressive H3K27me3 epigenetic mark at hypomethylated maternal alleles 
(Moreno-Romero et al., 2016). For instance, DNA demethylation of repetitive sequences by 
DEMETER in the central cell can indirectly cause silencing of the maternal allele, as the 
H3K27me3 silences the TE and the surrounding locus (Kohler et al., 2005; Hsieh et al., 2009). 
The two potentially paternally expressed lncRNAs identified in this chapter represent strong 
candidates for further study, with a likely endosperm localisation. Interestingly, it is possible 
that some lncRNAs are facilitating the imprinting process of protein coding genes. For 
instance, nine lncRNAs overlapped a paternally expressed gene. It is possible that these 
lncRNAs bind to and recruit PRC2 to the maternal gene locus for repressive H3K27 
trimethylation, similar to the molecular function of COLDAIR (Heo and Sung, 2011).  
Lastly, four of the lncRNAs identified contain a reported RNA methylation site. Many 
mammalian lncRNAs appear to have the epitranscrpitomic mark 5-methylcytosine (m5C), 
which is reviewed by Shafik et al. (2016). It is possible the m5C induces a stable secondary 
structure in the lncRNA that is essential for a specific molecular function. For instance, m5C is 
widespread in non-coding RNA such as tRNAs (Squires et al., 2012). In a study performed by 
Amort et al. (2013) the lncRNAs HOTAIR and XIST were demonstrated to be methylated. 
Both HOTAIR and XIST have interactions with PRC2 and it was found that m5C is influences 
stability and interaction with PRC2 and other potential chromatin modifying complexes. This 
may also occur for the methylated lncRNAs identified in this chapter; methylation could alter 
lncRNA-PRC2 association to influence epigenetic regulation of a locus.  
 
 
2.4.4 Conclusions 
In this chapter, 2,807 lncRNAs were identified by directional RNA-seq and a 
comprehensive bioinformatic pipeline. The majority of these were sense intronic and 
antisense exonic relative to TAIR10 gene models. The neighbouring gene models were 
enriched in GO terms of post embryonic development biological processes. The lncRNAs 
were novel, 63% not being previously reported. The 2,807 lncRNAs identified is a significant 
contribution to plant lncRNA research, providing a novel resource for further study in early 
silique and seed development.  
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CHAPTER THREE: Identification of lncRNAs in 
PRC2 mutants 
 
3.1 Introduction 
 
3.1.1 LncRNAs associate with PRC2, which has multiple forms in plants 
In higher eukaryotes, PRC2 is responsible for the epigenetic repression of 
transcription at multiple loci throughout many different stages of development (Mozgova 
and Hennig, 2015; Comet et al., 2016). In A. thaliana, two lncRNAs have been identified that 
bind to PRC2. COLDAIR is located within the first intron of FLC and recruits PRC2 to this loci 
(Heo and Sung, 2011). COLDAIR recruits PRC2 to the first intron of FLC, where PRC2 deposits 
the repressive mark H3K27me3 (Wood et al., 2006; De Lucia et al., 2008; Heo and Sung, 
2011). Subsequently, COLDWRAP is transcribed from the FLC promoter, binds to PRC2 and 
H3K27me3 is then deposited at the FLC promoter (Kim and Sung, 2017). By recruiting PRC2, 
COLDAIR and COLDWRAP facilitate long term epigenetic silencing of FLC to enable flowering.  
Studies in humans have shown that approximately 20% of lncRNAs bind to PRC2 and 
additional lncRNAs are bound by other chromatin-modifying complexes (Khalil et al., 2009). 
First identified genetically in Drosophila as the bithorax gene complex (Lewis, 1978), 
molecular studies have shown PRC2 is composed of four subunits; Enhancer of zeste E(z), 
Suppressor of zeste Su(z), Extra sex combs (Esc) and p55. The Drosophila subunits have 
multiple conserved counterparts within plants and at least three forms of PRC2 are 
functionally active during different life stages of A. thaliana (Mozgova and Hennig, 2015). In 
Drosophila, E(z) possesses the repressive H3K27 methyltransferase activity (Czermin et al., 
2002; Muller et al., 2002). In plants, the three different E(z) methyltransferase homologs are 
CURLY LEAF (CLF), SWINGER (SWN) and MEDEA (MEA) (Goodrich et al., 1997; Grossniklaus et 
al., 1998; Luo et al., 1999; Chanvivattana et al., 2004). CLF is expressed in vegetative tissues 
and it has been demonstrated that COLDAIR and COLDWRAP bind to this subunit during 
vernalisation (Heo and Sung, 2011; Kim and Sung, 2017). PRC2 exists in a dimeric state, 
containing at least two RNA-binding subunits, however in mammals, each PRC2 dimer only 
binds to one RNA molecule (Davidovich et al., 2014). Mammalian lncRNAs can have strong 
binding specificity to PRC2 in vitro, however, binding specificity in vivo remains to be 
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demonstrated (Davidovich et al., 2015). Many identified PRC2-bound lncRNAs are predicted 
to act in cis. This could be the result of the PRC2 being recruited by nascent RNA that is 
tethered to Pol II (Lee, 2012; Kaneko et al., 2013). 
By analogy with studies in humans, it is likely that many plant lncRNAs bind to PRC2. 
Furthermore, lncRNAs potentially recruit PRC2 to the locus of lncRNA transcription, 
facilitating repression in cis. In this chapter, lncRNAs will be identified in PRC2 mutants that 
have demonstrated roles in seed development. FERTILISATION INDEPENDENT SEEDS (FIS) 
PRC2 is only active during A. thaliana reproductive development, being expressed in the 
central cell and endosperm nuclei for a short time (Mozgova and Hennig, 2015). FIS PRC2 is 
distinct from other forms of PRC2 that are active during vegetative development and 
vernalisation, as not all subunits are shared between different forms of PRC2. The four 
subunits of FIS PRC2 are; E(z) homolog MEA, Su(z) homolog FIS2, Esc homolog FERTILISATION 
INDEPENDENT ENDOSPERM (FIE) and p55 homolog MULTICOPY SUPPRESSOR OF IRA1 (MSI1) 
(Mozgova and Hennig, 2015). Both MEA and FIS2 are specific to FIS PRC2; FIE and MSI1 are 
common to other forms of PRC2 (Mozgova and Hennig, 2015). Both MEA and FIS2 have 
reproductive-specific expression in the central cell and endosperm, whereas other 
components are expressed in many tissues (Luo et al., 2000; Qiu et al., 2017). In A. thaliana, 
certain mutations in MEA, FIS2, FIE and MSI1 enable autonomous endosperm development 
in the absence of fertilisation (Ohad et al., 1996; Chaudhury et al., 1997; Luo et al., 1999; 
Kohler et al., 2003). Therefore, FIS PRC2 controls key aspects of endosperm and seed 
development. In this chapter, lncRNAs will be identified in homozygous MEA and FIS2 
mutants; mea1-1/mea1-1 and fis2-3/fis2-3 (originally reported as fis1/fis1 and fis2/fis2) 
(Chaudhury et al., 1997; Luo et al., 1999). These homozygotes are rare as mea1-1 and fis2-3 
are maternal gametophytic lethal, being transmitted at very low levels (Chaudhury et al., 
1997; Luo et al., 1999). Accordingly, the heterozygous plants MEA/mea1-1 and FIS2/fis2-3 
can be identified by a 1:1 ratio of viable and embryo-arrested seeds. However, when the 
progeny of these heterozygotes was examined, Chaudhury et al. (1997) identified that 1 
plant in 450 and 2 in 1,621 of the F1 were homozygous; mea1-1/mea1-1 and fis2-3/fis2-3 
respectively. These plants give rise to relatively few (if any) viable seeds, but enough to 
maintain a homozygous line. Predominantly the embryo of these mutants arrests which is 
followed by seed atrophy. It is considered that a functional FIS PRC2 is not present in these 
plants. As the heterozygotes contain wild type alleles with a functional FIS PRC2, the 
homozygous lines will be used. 1 DAP siliques will be harvested from mea1-1/mea1-1 and 
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fis2-3/fis2-3 plants, where seed development is occurring despite eventual arrest and 
atrophy. RNA-seq of these siliques will provide insights into novel lncRNAs regulated by FIS 
PRC2 during early silique and seed development. It is anticipated that lncRNAs and protein 
coding genes located in the endosperm will also be identified. It is estimated that the 
endosperm constitutes 0.1 – 1% of 1 DAP siliques, as each endosperm contains 44 – 48 
nuclei during this stage (Boisnard-Lorig et al., 2001). However, as high-throughput next-
generation sequencing technology can generate 4x108 reads (Illumina® HiSeq 2000), 
transcripts from the endosperm will be sampled (Goodwin et al., 2016). 
 
 
3.1.2 Aims 
 In this chapter, A. thaliana mutations mea1-1/mea1-1 and fis2-3/fis2-3 will be 
utilised to identify lncRNAs. MEA and FIS2 expression is primarily in the central cell and 
endosperm; it is predicted that RNA-seq of mea1-1/mea1-1 and fis2-3/fis2-3. Altered lncRNA 
populations may potentially provide insights into lncRNAs that are regulated by or 
associated with FIS PRC2. Aims are as follows: 
 
1. Identify lncRNAs in A. thaliana mea1-1/mea1-1 and fis2-3/fis2-3 1 DAP siliques.  
 
2. Determine if lncRNAs undergo differential expression in mea1-1/mea1-1 and fis2-
3/fis2-3 mutants compared to wild type.  
 
3. Identify novel lncRNA candidates for further investigation.  
 
 RNA-seq will be performed on homozygous A. thaliana mea1-1/mea1-1 and fis2-
3/fis2-3 1 DAP siliques. LncRNAs will be identified, annotated and their expression will be 
compared to wild type. LncRNA candidates exclusively identified in mea1-1/mea1-1 and fis2-
3/fis2-3 mutants will be further investigated bioinformatically. These will provide a 
foundation for further research into lncRNAs potentially regulated by FIS PRC2 or associated 
with FIS PRC2. Furthermore, these may have roles in silique and seed development. 
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3.2 Methods 
 
3.2.1 Plant growth and tissue collection 
A. thaliana Landsberg erecta (Ler) wild type, mea1-1/mea1-1 and fis2-3/fis2-3 plants 
were grown using conditions outlined in 2.2.1. Leaf tissue was collected for DNA extraction 
and verification of the mutant alleles. For RNA-seq, crossing was controlled as described 
2.2.2, 1 DAP siliques were collected and snap frozen in liquid nitrogen.  
Seeds of the mea1-1/mea1-1 and fis2-3/fis2-3 mutants were kindly provided by Allan 
Lohe (Australian National University). These seeds were kindly made accessible by Ming Luo 
(Commonwealth Scientific Industry and Research Organisation). FIS PRC2 mutants mea1-
1/mea1-1 and fis2-3/fis2-3 were originally reported as fis1/fis1 and fis2/fis2 respectively 
(Chaudhury et al., 1997; Luo et al., 1999). 
 
  
3.2.2 Verification of homozygous mea1-1 and fis2-3 mutants 
A. thaliana Ler mea1-1/mea1-1 and A. thaliana Ler fis2-3/fis2-3 were verified by 
derived cleaved amplified polymorphic sequences (dCAPS) (Neff et al., 1998). Primers were 
designed using the dCAPS Finder 2.0 web interface (Neff et al., 2002) (Table 3.1). mea1-1 is 
an EMS cytosine to thymine mutation. dCAPS primers were designed to introduce a single 
mismatch in the forward primer to create a HinfI site in the 269 bp amplicon. HinfI (G/ANTC) 
recognises the wild type allele GAATC but not the mutant allele GAATT (mutation 
underlined). PCR amplicons were digested with HinfI, producing either two smaller 
fragments; 236 and 33 bp (wild type) or a single uncut 269 bp fragment (mutant). fis2-3 is an 
EMS guanine to adenosine mutation. dCAPS primers were designed with a single mismatch 
in the reverse primer to introduce a NaeI site in the 249 bp amplicon. NaeI (GCC/GGC) 
recognises the wild type allele GCCGGC but not the mutant allele ACCGGC, producing two 
smaller fragments: 216 and 33 bp. PCR amplicons were digested with NaeI. Digestion 
products for mea1-1 and fis2-3 products were detected on a MultiNA Microchip 
Electrophoresis System (Shimadzu). 
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Table 3.1 Primers designed: derived cleaved amplified polymorphic sequences (dCAPS). Where appropriate, 
primers were designed to have an approximate Tm of 60°C and an approximate GC content of 50%. Primers 
were ordered from Integrated DNA Technologies (IDT®). 
 
Name Primer Sequence 5’ to 3’ Size 
mea1-1 dCAPS HinfI  
Forward GGGCGAAGATCAAGGTTATGTTCTTGATGAGAAT 269 /236 bp 
(cuts WT) Reverse ATCAGCTGGCTACTGCAATG 
fis2-3 dCAPs NaeI 
Forward GGGCGTGTATTCAGAAGTTTCATGCTC 249 /216 
(cuts WT) Reverse ACATCAACTTCCGGTCCGTGATCTTTCTCTGCCGG 
 
 
3.2.3 RNA-seq, transcript assembly and lncRNA identification 
As outlined in 2.2.3 and 2.2.4. 
 
 
3.2.4 Bioinformatic analysis of lncRNAs 
As outlined in 2.2.5. 
 
 
3.2.5 Differential expression and gene ontology analysis 
The expression of genes and lncRNAs were tested with edgeR using an FDR < 0.05 
(Robinson et al., 2009; McCarthy et al., 2012). Significant differentially expressed genes were 
tested for proximity to lncRNAs based on the same genomic coordinates (antisense exonic, 
sense intronic, antisense intronic lncRNAs) or within 2 kb upstream or downstream 
(intergenic lncRNAs).  
Differentially expressed genes were analysed for GO enrichment utilising agriGO: the 
Gene Ontology analysis toolkit and database for the agricultural community (Du et al., 2010). 
This was performed for significantly increased genes and decreased genes separately.  
 
 
3.2.6 Bioinformatic investigation of lncRNA candidates 
As outlined in 2.2.8. 
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3.3 Results 
 
3.3.1 Homozygous mea1-1 and fis2-3 mutations verified 
 Prior to RNA-seq, A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 were verified by 
dCAPS (Figure 3.1). For A. thaliana Ler mea1-1/mea1-1, the dCAPS was designed to 
introduce a HinfI site in the wild type MEA amplicon but not the mutant mea1-1 amplicon 
(269 bp). It was found that all three A. thaliana Ler mea1-1/mea1-1 plants retained the 269 
bp mutant dCAPS fragment after digestion; HinfI did not recognise the site where the mea1-
1 mutation is. Thus, all three plants were homozygous for the mea1-1 allele. For A. thaliana 
Ler fis2-3/fis2-3, the dCAPS was designed to introduce a NaeI site in the wild type FIS2 
amplicon but not the mutant fis2-3 amplicon (249 bp). Similarly it was found that all three A. 
thaliana Ler fis2-3/fis2-3 plants retained the 249 bp mutant dCAPS fragment after digestion; 
NaeI did not recognise the site where the fis2-3 mutation is. Thus, all three plants were 
homozygous for the fis2-3 allele.  
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Figure 3.1 Verification of A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 mutant alleles. Derived cleaved 
amplified polymorphic sequences (dCAPS) was used to detect the mutant SNP (Neff et al., 1998). (A) mea1-1 
(EMS C to T mutation) primers were designed with a single mismatch in the forward primer to introduce a HinfI 
site in the 269 bp amplicon. HinfI (G/ANTC) recognised the wild type allele GAATC but not the mutant allele 
GAATT, producing two smaller fragments: 236 and 33 bp. PCR amplicons were digested with HinfI prior to 
running on a MultiNA Microchip Electrophoresis System (Shimadzu). (B) fis2-3 (a G to A base conversion) 
primers were designed with a single mismatch in the reverse primer to introduce a NaeI site in the 249 bp 
amplicon. NaeI (GCC/GGC) recognises the wild type allele GCCGGC but not the mutant allele ACCGGC, 
producing two smaller fragments: 216 and 33 bp. PCR amplicons were digested with NaeI prior to running on a 
MultiNA Microchip Electrophoresis System (Shimadzu). 
 
#1 #2 #3  
mea1-1/ 
mea1-1 
#1 #2 #3  
fis2-3/ 
fis2-3 
(A) A. thaliana Ler mea1-1/mea1-1                 (B) A. thaliana Ler fis2-3/fis2-3 
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3.3.2 RNA-seq of homozygous mea1-1 and fis2-3 siliques 
1 DAP siliques from A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 were 
harvested for RNA extraction; three biological replicates each, totalling nine samples. For 
each sample, rRNA was depleted with a Ribo-Zero™ rRNA Removal Kit (Plant Seed/Root, 
epicentre®). The total RNA quality and rRNA depletion was verified for each; an example is 
shown in Figure 3.2. High quality total RNA was extracted; minimal to no degradation was 
detected. The subsequent rRNA depletion had no identifiable rRNA peaks, appearing as a 
smear of RNA transcripts. This fraction of RNA was used to create RNA-seq cDNA libraries.  
 
 
 
Figure 3.2 Example rRNA depletion of total RNA from A. thaliana Ler 1 DAP siliques. rRNA depletion was 
verified on a 2100 Bioanalyzer with a RNA 6,000 Pico chip (Agilent Technologies). (A) Electrophoresis image. (i) 
Agilent Technologies RNA ladder (200 – 6,000 nt fragments). (ii) Total RNA. (iii) rRNA depleted RNA. (B) 
Electropherograms, plotting migration time (seconds, s) against fluorescence units (FU). (i) Total RNA. (ii) rRNA 
depleted RNA. A DNA marker (25 bp) was added to all samples for calibration (Agilent Technologies). 
 
(ii) rRNA depletion 
(A)     (B)  (i) Total RNA 
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After rRNA depletion, directional RNA-seq cDNA libraries were created (Illumina® 
TruSeq™). Each of the nine libraries created were equally combined and the pooled sample 
had a cDNA distribution that peaked at approximately 300 bp (Figure 3.3). Depending on 
which Illumina® adapter index used, the total length of adapters are 121 or 123 bp. For 100 
bp paired-end Illumina® sequencing (HiSeq 2000), an insert size of approximately 200 bp is 
ideal, to maximise read length and minimise duplicate reading (overlap). Considering 
adapters, a final RNA-seq library size of 321 or 323 is ideal. This is consistent with the cDNA 
size distribution observed; implying high quality libraries have been constructed. 100 bp 
paired end sequencing was performed on one lane of an Illumina® HiSeq 2000. 
 
 
 
Figure 3.3 Pooled A. thaliana Ler RNA-seq cDNA libraries for 100 bp paired-end sequencing (Illumina® HiSeq). 
Libraries were verified on a 2100 Bioanalyzer with a high sensitive DNA chip (Agilent Technologies). (A) 
Electrophoresis image. (i) Agilent Technologies DNA ladder (fragments range from 100 to 7,000 bp). (ii) RNA-
seq cDNA library. (B) RNA-seq cDNA library electropherogram, plotting migration time (seconds, s) against 
fluorescence units (FU). A DNA lower marker (35 bp) and upper marker (10 kb) was added to all samples for 
calibration (Agilent Technologies). Illumina® adapters add 121 or 123 bp depending on the index used. An 
insert size of 200 bp would produce a 321 /323 bp cDNA library, which maximises read potential by preventing 
any overlap between the two reads.  
 
(A)      (i)      (ii)     (B)   
 
110 
 
Performing second generation sequencing on the Illumina® HiSeq 2000, a total 
348,851,896 100 bp reads (174,425,948 paired reads) were generated. Sequencing quality 
was verified, having ≥ 99.9% base call accuracy (Appendix 6.1.2). All reads were separated by 
index into the nine libraries and total raw reads per sample were calculated (Table 3.2). An 
average of 38,761,322 reads was seen across the nine libraries, ranging from 26,041,490 to 
49,139,094. Reads were then trimmed for adapter sequences and poor sequencing quality 
(Phred score of < 30), prior to mapping to the TAIR10 genomic reference. After mapping, 
reads with a poor alignment (mapping quality score less than 10, i.e. < 90%) were removed. 
A minimum of 83% of the raw reads in each library mapped to the TAIR10 reference 
genome, an overall 86% of total reads. This was an average of 33,420,596 reads per library, 
which ranged from 22,397,258 to 42,865,384. 
To investigate if sufficient reads were generated and mapped for the experiment to 
assemble transcripts, sequencing coverage was estimated. A coverage estimate was 
performed based on 50% transcription (135,670,229 nt) of the A. thaliana genome (a likely 
overestimate), which assumes an equal expression (transcripts vary vastly in expression). As 
an estimate, the nine libraries had an average coverage per base of 25 times, ranging from 
17 – 32. This is comparable to Illumina® recommendations and journal requirements of 10 – 
30 times coverage for DNA sequencing (e.g. SNP discovery). As the sequencing performed 
here is the transcriptome, if the entire genome is not transcribed a higher coverage has been 
obtained, but if expression varies significantly between transcripts, a lower coverage has 
been obtained for some transcripts. It was concluded sufficient coverage was achieved.  
All nine libraries were tested for rRNA depletion and directionality. For each library, 2 
– 4% of the TAIR10 mapped reads were to one or more of the 15 rRNAs (4% of all mapped 
reads). As rRNA constitutes the majority of RNA in a cell, > 96% (possibly > 99.9%) rRNA 
depletion has been achieved. Lastly, all libraries were estimated to be > 99.9% directional, 
based on antisense reads mapping to RBCL. RBCL, an essential photosynthesis gene, had the 
most reads in many libraries, is not spliced (single exon), and has no reported antisense gene 
model. It was assumed RBCL has no antisense transcription (no antisense transcript was ever 
assembled). Overall, rRNA depletion and the directional library preparation were concluded 
to be highly successful. 
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Table 3.2 Summary of Illumina® HiSeq 2000 sequencing of A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3. Total raw reads and reads that were mapped to TAIR10 
for each biological replicate (Rep) within A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 is shown. An estimated sequencing coverage is given. The estimate assumes 
50% transcription of the A. thaliana genome (a likely overestimate) and an equal expression (transcripts vary vastly in expression). rRNA depletion was verified by mapping to all 
rRNAs, directional RNA-seq library preparation was verified using an photosynthetic gene.  
 
FIS PRC2 mutants A. thaliana Ler wild type A. thaliana Ler mea1-1/mea1-1 A. thaliana Ler fis2-3/fis2-3 Total 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 N/A 
Total raw reads 31,639,400 41,952,156 43,461,098 44,814,820 26,041,490 48,166,024 30,071,208 33,566,606 49,139,094 348,851,896 
Total TAIR10 mapped reads* 26,563,496 36,431,396 37,247,230 37,133,010 22,397,258 41,693,932 26,610,446 29,843,216 42,865,384 300,785,368 
Total TAIR10 mapped reads% 84% 87% 86% 83% 86% 87% 88% 89% 87% 86% 
Estimated coverage of 
TAIR10** 
20 27 27 27 17 31 20 22 32 222 
rRNA mapped reads 903,897 1,375,213 1,454,121 1,546,169 552,515 1,847,664 919,157 947,335 1,746,881 11,292,952 
rRNA mapped reads (%) 3% 4% 4% 4% 2% 4% 3% 3% 4% 4 % 
RUBISCO LARGE SUBUNIT 
(RBCL) mapped reads 
871,409 1,344,753 1,317,195 738,707 699,961 1,218,924 1,291,314 1,468,490 2,189,939 11,140,692 
RBCL mapped antisense reads 
(all < 0.1%) 
1 2 2 1 0 1 2 3 5 17 
* Excludes reads that have been trimmed (contained adapter sequences), filtered based on poor quality (sequencing or mapping) or could not be mapped.  
** Assumes 50% transcription of the 135,670,229 bp TAIR10 genome. Coverage estimate = (mapped reads x read length /genome size). 
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3.3.3 LncRNAs identified in homozygous mea1-1 and fis2-3 mutants 
Using the bioinformatic framework developed in Chapter Two, lncRNAs were 
identified in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 (Table 3.3). Total 
transcripts assembled were calculated, which were then subsequently filtered by size and 
overlap with TAIR10 annotated gene models. Overall, an average of 37,244 transcripts were 
assembled per replicate, ranging from 30,087 - 42,003. Interestingly, more transcripts were 
consistently assembled in A. thaliana Ler mea1-1/mea1-1, despite having a replicate with 
the lowest overall coverage (replicate two). After removing transcripts < 200 bp and 
transcripts with overlap with the 41,671 TAIR10 gene models, an average 3,259 unannotated 
transcripts were identified, ranging from 2,713 - 4,462. Consistent with more transcripts, A. 
thaliana Ler mea1-1/mea1-1 also had more unannotated transcripts. The unannotated 
transcripts identified were predicted to be peptides and lncRNAs.  
To identify lncRNAs, a two-step peptide potential filtration was performed on the 
unannotated transcripts. First, any transcript with a significant alignment to a peptide 
sequence, measured by a BLASTX Expect value (E-value) of < 1x10-3 (measures probability of 
alignment by chance), was removed. This had minimal effect, removing an average 69 
transcripts per sample, ranging from 45 – 101 (2 – 3% of the unannotated transcripts). 
Second, transcripts containing an ORF ≥ 100 amino acids, or ≥ 50 amino acids at the 5’ or 3’ 
termini, were also removed. Many transcripts had a large ORF; an average of 1,299 
transcripts per sample were removed, ranging from 982 – 2,106 (35 – 47%). These 
transcripts potentially represent novel peptides. Transcripts that remained after BLASTX and 
ORF filtration represent lncRNAs. There was an average of 1,892 lncRNAs per replicate, 
ranging from 1,686 – 2,255 (51 – 62%).  
For A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3, total lncRNAs was 
calculated by merging each set of three biological replicates using Cuffmerge. This generated 
1,836, 2,388 and 1,926 total lncRNAs respectively. Cuffmerge also aided assembling more 
full length lncRNA transcripts, although all transcripts retained an ORF < 100 amino acids and 
an ORF < 50 at 5’ /3’ termini. For each total, it was tested if the lncRNAs were assembled in 
two or three (of three total) of the biological replicates. It was discovered that 1,066, 1,258 
and 1,044 total lncRNAs respectively were assembled in two or more of the biological 
replicates (≤ 58%). Furthermore, 565, 765 and 702 total lncRNAs respectively were 
assembled in all three of the biological replicates (≤ 36%). The large number of non-
reproducible lncRNAs could be due to low expression or differential expression, which has 
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not generated enough reads to sufficiently assemble a transcript. Deregulated or spurious 
transcription is also a possibility. Interestingly, similar to having more total transcripts and 
unannotated transcripts, A. thaliana Ler mea1-1/mea1-1 also had more lncRNAs. 
 
 
Table 3.3 Peptide potential filtration of novel A. thaliana transcripts to identify lncRNAs. Unannotated 
transcripts ≥ 200 bp that did not overlap TAIR10 gene models, were subjected to peptide potential filtration to 
identify lncRNAs. To remove known peptides, novel transcripts with a BLASTX result (E-value < 1x10
-3
) was 
removed. To remove unknown peptides, unannotated transcripts with an ORF ≥ 100 amino acids or ≥ 50 amino 
acids at the 5’ or 3’ termini were removed. 
 
Cross A. thaliana Ler wild type A. thaliana Ler mea1-1/mea1-1 A. thaliana Ler fis2-3/fis2-3 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 
Total transcripts  30,087 33,624 35,815 40,750 38,831 41,294 35,313 37,481 42,003 
Unannotated 
transcripts ≥ 200 bp 
2,713 3,011 2,959 3,636 3,098 4,462 2,927 3,153 3,376 
Filtered by BLASTX  
(E-value < 1x10-3) 
45 65 61 92 73 101 55 61 64 
Filtered by BLASTX  
(E-value < 1x10-3)(%) 
2% 2% 2% 3% 2% 2% 2% 2% 2% 
Filtered by ORF 982 1,065 1,049 1,505 1,214 2,106 1,121 1,189 1,461 
Filtered by ORF (%) 36% 35% 35% 41% 39% 47% 38% 38% 43% 
LncRNAs 1,686 1,881 1,849 2,039 1,811 2,255 1,751 1,903 1,851 
LncRNAs (%) 62% 62% 62% 56% 58% 51% 60% 60% 55% 
Cuffmerge lncRNAs 
(replicates) 
1,836 2,388 1,926 
Presence ≥2/3 
replicates* 
1,066 1,258 1,044 
Presence =3/3 
replicates* 
565 765 702 
*Based on a BEDTools intersect minimum overlap of ≥ 1 bp (≥ 10 bp gives the same results). 
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The assembly of lncRNAs in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-
3 was compared, as demonstrated by Venn diagrams (Figure 3.4). For the entire experiment 
(merging all lncRNAs) a total 4,661 lncRNAs were identified. When imposing reproducibility 
of the lncRNAs within at least two replicates within each cross, a total 2,362 lncRNAs were 
identified. Imposing reproducibility in all three replicates within each cross gave a total 1,243 
lncRNAs. In each Venn diagram, the majority of lncRNAs appeared unique, not having any 
overlap. Most of these were from mea1-1/mea1-1, which had the overall highest number of 
lncRNAs. However, when imposing reproducibility, the unique lncRNAs had the largest 
reduction in abundance. Possibly these are lowly expressed and transcript assembly 
threshold has not been met. The highest lncRNA overlap was between all three; A. thaliana 
Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3. This could represent the most highly 
expressed lncRNAs, or are expressed in multiple tissues. All other areas of overlap shared 
similar proportions, although A. thaliana Ler wild type and fis2-3/fis2-3 was slightly higher.  
 
 
Figure 3.4 Venn diagram of lncRNAs identified in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3. 
LncRNAs were individually assembled and were compared. (A) LncRNAs assembled in one or more of the three 
biological replicates; a total of 4,661. (B) LncRNAs assembled in at least two of the three biological replicates; a 
total of 2,362. (C) LncRNAs assembled in all three of the biological replicates; a total of 1,243. 
 
 
(A) ≥ 1/3 replicates 
4,661 lncRNAs 
(B) ≥ 2/3 replicates 
2,362 lncRNAs 
  
(C) = 3/3 replicates 
1,243 lncRNAs 
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3.3.4 Bioinformatic annotation of reads and lncRNAs 
After identification of lncRNAs, all reads were annotated based on their mapping 
(Table 3.4 and Figure 3.5). Consistent with the vast majority of transcripts assembled being 
gene models, 69% of the 348,851,896 reads mapped to one or more of the 41,671 TAIR10 
gene models. 14% were non-mapped, which included reads that failed to map, trimmed 
reads and low quality reads that were filtered. 15% of the reads mapped to other genomic 
regions that were not annotated gene models or identified lncRNAs. These included reads 
that assembled a transcript which was filtered during lncRNA identification and reads that 
were not abundant enough to assemble a transcript (possible background noise). 2% of the 
reads were mapped to unannotated regions that were identified as lncRNAs. These 
7,514,650 reads contributed to assembling the 4,661 lncRNAs identified. Lastly, < 1% of the 
reads overlapped two or more of the mapped categories; gene models, unannotated 
transcripts and/or lncRNAs. 
 As the total number of reads that map to lncRNAs were calculated, it was possible to 
re-evaluate sequencing coverage relative to lncRNAs (Table 3.5). A total 7,514,650 reads 
mapped to 4,661 lncRNAs. This was an average of 834,961 reads per biological replicate, 
ranging from 471,054 to 1,311,220. The 4,661 lncRNAs had a combined length of 2,246,357 
nt, which enabled sequencing coverage to be estimated, although this assumes equal 
expression. There was an average coverage per base of 37 times, ranging from 21 to 58. A. 
thaliana Ler mea1-1/mea1-1 replicate two had the lowest number of reads mapping to 
lncRNAs (coverage of 21). Overall there appeared to be sufficient coverage for the 
experiment. However, consistent with Chapter Two, lncRNAs present in two or more 
replicates, a total of 2,362, were chosen for all subsequent analyses. Being reproducible also 
gave a higher confidence in the lncRNA and suggested higher expression.  
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Figure 3.5 Annotation of all sequencing reads from A. thaliana Ler wild 
type, mea1-1/mea1-1 and fis2-3/fis2-3. Pie chart of Table 3.4. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5 Estimated sequencing coverage of lncRNAs in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3. In total, 7,514,650 reads assembled 4,661 lncRNAs. For each 
biological replicate within each cross, an estimated re-evaluated coverage is given, relative to the lncRNAs identified. The estimation is based on equal transcription of the 4,661 
lncRNAs that comprise 2,246,357 nt (however, lncRNA expression is likely to vary). 
* Assumes equal transcription of all 4,661 lncRNAs that comprise 2,246,357 nt. Coverage estimate = (mapped reads x read length /genome length).  
 Gene models Non-mapped Unannotated LncRNA Overlap Total 
All reads 240,167,566 48,066,528 52,263,320 7,514,650 839,832 348,851,896 
Percentage 68.85% 13.78% 14.98% 2.15% 0.24% 100% 
Cross A. thaliana Ler wild type A. thaliana Ler mea1-1/mea1-1 A. thaliana Ler fis2-3/fis2-3 Total 
Replicate Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 N/A 
lncRNA specific 
reads 
1,116,004 1,160,804 1,311,220 574,428 471,054 948,668 596,066 506,398 830,008 7,514,650 
Coverage of 
4,661 lncRNAs* 
50 52 58 26 21 42 27 23 37 335 
Table 3.4 Annotation of all sequencing reads from A. thaliana Ler wild type, mea1-1/mea1-1 
and fis2-3/fis2-3. All 348,851,896 100 bp reads (174,425,948 paired reads) were annotated 
based on their mapping, or lack thereof. Categories included the 41,671 TAIR10 gene models, 
non-mapped reads, reads that mapped to unannotated loci, mapped to the 4,661 lncRNAs and 
reads that overlapped two or more of the mapped categories; gene models, unannotated 
transcripts and/or lncRNAs.  
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The 2,362 total lncRNAs were annotated into four classes relative to TAIR10 gene 
models: intergenic, antisense exonic, sense intronic and antisense intronic (Table 3.6 and 
Figure 3.6A). The majority of lncRNAs were sense intronic (47%) and antisense exonic (28%), 
relative to TAIR10 gene models. This varied from A. thaliana Col and C24 crosses lncRNAs 
reported in Chapter Two, which had relative equally proportions of sense intronic (40%) and 
antisense exonic (37%) lncRNAs. This is possibly due to the increased expression of many 
gene models in the absence of a functional FIS PRC2. 24% of the lncRNAs were intergenic, 
being in unannotated genomic space between TAIR10 gene models. Potential intergenic 
lncRNAs ranged from a 3 to 9,473 bp distance from the closest gene model, with a median of 
361 bp (93% were within a 2 kb distance, 79% within a 1 kb distance). Minimal lncRNAs were 
identified to be antisense intronic (0.6%). These had no antisense overlap with a TAIR10 
gene model exon; such instances were classified as antisense exonic.  
Intergenic lncRNAs were further annotated into sub-classes relative to the closest 
neighbouring TAIR10 gene model within 1 kb (Table 3.7 and Figure 3.6B). It was considered 
that intergenic lncRNAs within 1 kb of a gene model could be from the same transcription or 
acting in cis on the gene model. These sub-classes were: sense 5’ end, antisense 5’ end, 
sense 3’ end, antisense 3’ end and distance > 1 kb. Most of the intergenic lncRNAs were 
sense 3’ (28%) and sense 5’ end (22%) relative to the closest neighbouring TAIR10 gene 
model within 1 kb. It is possible that a subset of these lncRNAs correspond to untranslated 
regions of incorrectly or unannotated proteins coding genes. For the sense 3’, a subset of 
these could possibly represent transcriptional read-through. Interestingly, 21% were > 1 kb 
distance from a gene model (up to 9,473 bp), likely representing independent transcription. 
Although lower frequency, antisense 5’ end (14%) and antisense 3’ end (14%) were still 
represented. These may also be within untranslated regions of the neighbouring gene 
model, but as they correspond to the antisense strand, must represent independent 
transcriptional units. 
 
 
118 
 
Table 3.6 Annotation of A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 lncRNAs relative to 
TAIR10 gene models. The spatial location of all lncRNAs was determined and annotated relative to the genomic 
features of neighbouring TAIR10 gene models, classifying them into antisense exonic, intergenic, sense intronic 
and antisense intronic lncRNAs.  
 
LncRNA Intergenic Antisense exonic Sense intronic Antisense intronic Total 
LncRNAs  
(≥2/3 replicates) 
568 671 1,108 15 2,362 
LncRNAs  
(≥2/3 replicates) (%) 
24% 28% 47% 0.6% 100% 
 
 
Table 3.7 Annotation of A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 intergenic lncRNAs 
relative to the closest TAIR10 gene model. Intergenic lncRNAs were further classified based on the closest 
neighbouring gene model within 1 kb proximity: sense 5’ end, antisense 5’ end, sense 3’ end, antisense 3’ end 
and distance > 1 kb intergenic lncRNAs. 
 
LncRNA Sense 5’ end 
Antisense  
5’ end 
Sense 3’ end 
Antisense  
3’ end 
Distance  
> 1 kb 
Total 
Intergenic lncRNAs  
(≥2/3 replicates) 
132 79 159 80 118 568 
Intergenic lncRNAs  
(≥2/3 replicates) (%) 
22% 14% 28% 14% 21% 100% 
 
 
(A) 
 
 
 
 
 
 
 
(B)   
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Figure 3.6 Annotation of A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 lncRNAs relative to 
TAIR10 gene models. (A) The spatial location of all lncRNAs was determined and annotated relative to the 
genomic features of neighbouring TAIR10 gene models, classifying them into antisense exonic, intergenic, 
sense intronic and antisense intronic lncRNAs. (B) Intergenic lncRNAs were further classified based on the 
closest neighbouring gene model within 1 kb proximity: sense 5’ end, antisense 5’ end, sense 3’ end, antisense 
3’ end and distance > 1 kb intergenic lncRNAs. 
 
 
3.3.5 Comparing the lncRNA and TAIR10 transcriptomes 
The 2,362 lncRNAs were compared to TAIR10 gene models, for expression (FPKM), 
length (nt) and number of exons (Figure 3.7). The identified lncRNAs were found to be lower 
in expression than TAIR10 gene models. LncRNAs had a median FPKM of 2, compared to a 
median FPKM of 7 for TAIR10 gene models. This was slightly higher than lncRNAs identified 
in A. thaliana Col /C24 crosses in Chapter Two (FPKM of 1.5 and 6 respectively). Similarly, the 
lncRNAs were found to be shorter in length with a median length of 501 nt, compared to 
gene models having a median length of approximately 1,500 nt. However, lncRNA lengths 
ranged vastly from 200 nt to > 6,000 nt. Lastly, the identified lncRNAs were minimally 
spliced, having a median exon number of 1 in comparison to TAIR10 gene models have 
significantly more splice sites (and alternative splicing) with a median exon number of 6. 
Although 84% of the lncRNAs were not spliced, lncRNAs were assembled that contained 17 
exons.  
 
 
(A)                              (B)                                   (C) 
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Figure 3.7 Comparing A. thaliana lncRNAs identified to TAIR10 gene models by expression, length and exon 
count. (A) LncRNA expression (Fragments Per Kilobase of transcript per Million mapped reads, FPKM) 
compared to TAIR10 gene models. (B) LncRNA length (nucleotides, nt) compared to TAIR10 gene models. (C) 
LncRNA exon number compared to TAIR10 gene models.  
 
 
3.3.6 Comparing lncRNAs to overlapping /neighbouring genes  
Many of the lncRNAs identified overlapped or were within 1 kb proximity of genes. 
As the majority of characterised plant lncRNAs have cis-regulatory functions (reviewed in 
Chapter One), the function of the lncRNAs identified may be associated with these genes. 
Accordingly, the overlapping /neighbouring genes were recorded and analysed. 
Firstly, a GO analysis was performed on the overlapping /neighbouring genes (Figure 
3.8). Similar to Chapter Two, a highly significant biological process GO term of post-
embryonic development was identified (p-value 4.90x10-11, FDR 1.43x10-7). Post-embryonic 
development enrichment indicates that seed development transcripts have been captured. 
For cellular component and molecular function, GO terms were less significant (not shown). 
The most significant terms were respiratory chain, NADH dehydrogenase complex, 
oxidoreductase activity and NADH dehydrogenase activity. These terms were also found in 
Chapter Two. Once again, these terms are likely representative of the high-energy demands 
of silique and seed development.  
 Next, the expression (FPKM) of each lncRNA and overlapping /neighbouring gene 
model (within 1 kb distance) was calculated and compared (Figure 3.9). For antisense exonic 
and intergenic lncRNAs, more than half of the lncRNAs were lower expressed than the 
neighbouring TAIR10 gene model, in A. thaliana Ler WT, mea1-1/mea1-1 and fis2-3/fis2-3. 
Nevertheless, a notable number of lncRNAs were higher expressed than the neighbouring 
gene model. Accordingly, there was a poor correlation between lncRNA and neighbouring 
gene model expression (R2 value). Such an observation would suggest independent 
transcription. Additionally, cis-regulation by the lncRNAs can potentially be occurring, 
enhancing or repressing transcription of the neighbouring gene model(s). For sense intronic 
lncRNAs, a high correlation to the neighbouring gene model expression was observed. These 
lncRNAs are likely being transcribed by the same promoter as the gene model, possibly being 
a splicing product. However, the expression of a minority of sense intronic lncRNAs did not 
correlate to expression of the neighbouring gene models, suggesting independent 
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transcriptional units. Regarding antisense intronic lncRNAs, all were lowly expressed, which 
likely limited the detection of this class of lncRNAs. Interestingly, in A. thaliana Ler mea1-
1/mea1-1, where more antisense intronic lncRNAs were identified, some lncRNAs were 
highly expressed and the neighbouring gene model was very lowly or not expressed. These 
lncRNAs represent potential candidates for negative cis-regulation. 
 
 
 
Figure 3.8 Biological process Gene Ontology (GO) analysis of gene models overlapping /neighbouring a 
lncRNA. For each lncRNA identified, the overlapping or closest neighbouring gene model (within 1 kb 
proximity) was recorded. This list was analysed utilising agriGO: the Gene Ontology analysis toolkit and 
database for the agricultural community (Du et al., 2010). Significant biological process GO terms are shown, 
with the FDR in brackets. The smaller the p-value (not shown), the more significant statistically, which is 
represented by incremental darker shading from yellow to red.  
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Figure 3.9 Expression comparison of A. thaliana lncRNAs identified and the overlapping /neighbouring 
TAIR10 gene model. For each lncRNA identified, the overlapping or closest neighbouring gene model (within 1 
kb proximity) was recorded. LncRNA expression was plotted against the TAIR10 gene model expression as log2 
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of Fragments Per Kilobase of transcript per Million mapped reads (log2FPKM). (A), (D), (G) and (J) (first column) 
A. thaliana Ler lncRNAs. (B), (E), (H) and (K) (second column) A. thaliana Ler mea1-1/mea1-1 lncRNAs. (C), (F), 
(I), and (L) (third column) A. thaliana Ler fis2-3/fis2-3 lncRNAs. (A) – (C) Antisense exonic lncRNAs versus TAIR10 
gene model expression. (D) – (F) Intergenic lncRNAs versus TAIR10 gene model expression. (G) – (I) Sense 
intronic lncRNAs versus TAIR10 gene model expression. (J) – (L) Antisense intronic lncRNAs versus TAIR10 gene 
model expression. Coefficient of correlation (R
2
) is included for each graph to investigate potential regression. 
 
 
3.3.7 mea1-1 and fis2-3 mutations induce transcriptome wide 
differential expression 
Utilising the RNA-seq reads, differential expression of TAIR10 gene models and 
lncRNAs was investigated in A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 compared to 
wild type (Table 3.8 and Figure 3.10). The fold change in transcript expression was plotted 
for genes (Figure 3.11) and lncRNAs (Figure 3.12) separately. Compared to wild type, mea1-
1/mea1-1 had 6,723 differentially expressed genes. 3,732 genes were significantly increased 
in expression and 2,991 were significantly decreased in expression. For fis2-3/fis2-3, 4,204 
genes were differentially expressed compared to wild type. 2,317 genes were significantly 
increased in expression and 1,887 were significantly decreased in expression. Interestingly, 
mea1-1/mea1-1 had many more differentially expressed genes than fis2-3/fis2-3. This may 
be due to MEA being the H3K27 methyltransferase subunit of FIS PRC2 (Mozgova and 
Hennig, 2015). The 6,723 mea1-1/mea1-1 and 4,204 fis2-3/fis2-3 differentially expressed 
genes contained 2,715 genes in common. 1,481 genes shared increased expression in both 
mea1-1/mea1-1 and fis2-3/fis2-3; many of these are potentially repressed by FIS PRC2 or 
enhanced by FIS PRC2 target genes. 1,167 shared decreased expression in both mea1-
1/mea1-1 and fis2-3/fis2-3; many of these are potentially repressed by FIS PRC2 target genes 
that have become expressed. Unexpectedly, 31 genes that were increased in expression in 
mea1-1/mea1-1 exhibited decreased expression in fis2-3/fis2-3 and 36 genes that were 
increased in expression in fis2-3/fis2-3 exhibited decreased expression in mea1-1/mea1-1. 
This may represent the background level of altered transcript abundances. Overall, there 
was 8,212 unique genes that were differentially expressed; approximately 29% of expressed 
genes. This is consistent with the extensive regulatory role of PRC2 in higher eukaryotes 
(Mozgova and Hennig, 2015; Comet et al., 2016). It is possible that lncRNAs are facilitating 
PRC2 mediated differential expression. In each comparison, approximately 6% of the 
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differentially expressed genes had a neighbouring lncRNA. This was a total of 681 unique 
lncRNAs overlapping a differentially expressed gene; 29% of the 2,362 lncRNAs identified.  
 LncRNAs also exhibited significant differential expression in mea1-1/mea1-1 and fis2-
3/fis2-3. Compared to wild type, mea1-1/mea1-1 had 467 differentially expressed lncRNAs. 
281 lncRNAs were significantly increased in expression and 186 were significantly decreased 
in expression. fis2-3/fis2-3 had 130 differentially expressed lncRNAs compared to wild type. 
65 lncRNAs were significantly increased in expression and 65 were significantly decreased in 
expression (65 unique entries in each case). Similar to gene differential expression, more 
lncRNAs expressed significant fold changes in mea1-1/mea1-1 than fis2-3/fis2-3. The 467 
mea1-1/mea1-1 and 130 fis2-3/fis2-3 differentially expressed lncRNAs had 77 lncRNAs in 
common. 26 shared increased expression and 46 shared decreased expression, in both 
mea1-1/mea1-1 and fis2-3/fis2-3. Two lncRNAs that were increased in expression in mea1-
1/mea1-1 exhibited decreased expression in fis2-3/fis2-3 and three lncRNAs that were 
increased in expression in fis2-3/fis2-3 exhibited decreased expression in mea1-1/mea1-1. 
Overall, there was 520 unique lncRNAs that were differentially expressed; 22% of the total 
2,362 lncRNAs identified. Many of these lncRNAs had larger fold changes in mea1-1/mea1-1, 
also exhibiting significant differential expression when directly comparing mea1-1/mea1-1 to 
fis2-3/fis2-3 (not shown). 
 To support that the differentially expressed genes and lncRNAs identified are subject 
to H3K27me3 by FIS PRC2, a published dataset of histone modifications was investigated 
(displayed within Table 3.8). Moreno-Romero et al. (2016) reported H3K27me3 histone 
modifications in the A. thaliana endosperm. The endosperm nuclei from Col and Ler crosses 
were purified at 4 DAP for anti-H3K27me3 chromatin immunoprecipitation and next-
generation sequencing (Moreno-Romero et al., 2016). Genes and lncRNAs identified as 
significantly differentially expressed compared to wild type were compared to this dataset. 
Approximately 24% of genes significantly increased in expression and 21% of genes 
significantly decreased in expression compared to wild type overlapped this dataset. 
Alterations in the expression of these genes is consistent with being potential targets of FIS 
PRC2 mediated H3K27me3 in the wild type endosperm. Similarly, 13% of lncRNAs 
significantly increased in expression and 25% of lncRNAs significantly decreased in 
expression overlapped this dataset. These are also potential targets of FIS PRC2 mediated 
H3K27me3 in the wild type endosperm. Therefore, these transcripts are likely expressed in 
the endosperm. In mea1-1/mea1-1 and fis2-3/fis2-3, in the absence of a functional FIS PRC2, 
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H3K27me3 is likely absent. This will enable increased expression of some transcripts. Others 
transcripts have likely been repressed by other regulatory networks that have decreased 
expression more than H3K27me3 (or all parental alleles have become repressed). Overall, 
approximately one quarter of differentially expressed transcripts are confirmed targets of 
H3K27me3 in the endosperm which strongly supports their differential expression. As 1 DAP 
siliques have an earlier endosperm development, more differentially expressed transcripts 
may be present at this stage. Widespread secondary effects may also be occurring that alter 
the expression of other transcripts.  
 
 
Table 3.8 Differentially expressed TAIR10 genes and lncRNAs in A. thaliana Ler mea1-1/mea1-1 and fis2-
3/fis2-3 compared to wild type. Differential expression was compared between A. thaliana Ler mea1-1/mea1-
1 versus wild type and fis2-3/fis2-3 versus wild type (edgeR FDR < 0.05). For each differentially expressed gene 
identified, it was also tested if that locus is subject to histone 3 lysine 27 trimethylation (H3K27me3) in the wild 
type endosperm. 
 
 
Differential expression 
mea1-1/mea1-1 
vs. wild type 
fis2-3/fis2-3 
 vs. wild type 
Totals 
Up 
Genes significantly increased in expression 3,732 2,317 4,568 
Genes with a neighbouring lncRNA 302 (6.2%) 180 (5.6%) 390 (6.5%) 
Genes with H3K27me3 in wild type endosperm* 821 (22%) 661 (29%) 1,089 (24%) 
LncRNAs significantly increased in expression 281 65 320 
LncRNAs with H3K27me3 in wild type endosperm* 33 (12%) 16 (25%) 42 (13%) 
Down 
Genes significantly decreased in expression 2,991 1,887 3,711 
Genes with a neighbouring lncRNA 249 (6.4%) 145 (6.2%) 335 (7.0%) 
Genes with H3K27me3 in wild type endosperm* 578 (19%) 465 (25%) 775 (21%) 
LncRNAs significantly decreased in expression 186 65 205 
LncRNAs with H3K27me3 in wild type endosperm* 44 (24%) 19 (29%) 52 (25%) 
Totals 
Total differentially expressed genes 6,723 4,204 8,212 
Total differentially expressed lncRNAs 467 130 520 
*Reported by Moreno-Romero et al. (2016). 
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Figure 3.10 Venn diagram of differentially expressed TAIR10 genes and lncRNAs in A. thaliana Ler mea1-
1/mea1-1 and fis2-3/fis2-3 compared to wild type. Each transcript that was significantly increased or 
decreased in expression was compared. (A) Differentially expressed TAIR10 genes. (B) Differentially expressed 
lncRNAs. Four-set Venn diagrams were generated with the R package VennDiagram (Chen and Boutros, 2011). 
 
 
 
Figure 3.11 Differentially expressed TAIR10 genes in A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 
compared to wild type. Differential expression is displayed as average log2 counts per million reads (logCPM) 
versus log2 fold change (logFC). Black dot represents a gene with no (or non-significant) fold change, red 
represents a gene with a significant fold change (edgeR FDR < 0.05). (A) A. thaliana Ler mea1-1/mea1-1 versus 
wild type. (B) A. thaliana Ler fis2-3/fis2-3 versus wild type. 
 
 
 
(A) TAIR10 genes (8,212)      (B) LncRNAs (520) 
(A) mea1-1/mea1-1 vs. wild type (B) fis2-3/fis2-3 vs. wild type 
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Figure 3.12 Differentially expressed lncRNAs in A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 compared to 
wild type. Differential expression is displayed as average log2 counts per million reads (logCPM) versus log2 fold 
change (logFC). Black dot represents a gene with no (or non-significant) fold change, red represents a gene with 
a significant fold change (edgeR FDR < 0.05). (A) A. thaliana Ler mea1-1/mea1-1 versus wild type. (B) A. 
thaliana Ler fis2-3/fis2-3 versus wild type. 
 
 
The TAIR10 genes exhibiting differential expression in both mea1-1/mea1-1 and fis2-
3/fis2-3 compared to wild type were recorded and analysed to identify enriched GO terms. 
Firstly, this was done for the 1,481 genes significantly increased in expression in both mea1-
1/mea1-1 and fis2-3/fis2-3 compared to wild type (Figure 3.13). A wide range of significantly 
enriched GO terms identified, representative of the extensive regulatory role of FIS PRC2. 
The largest increase in gene percentage compared to background and the most significant 
enrichment, was response to stimulus. This could be representative of genes expressed in 
response to pollination and fertilisation, which is supported by other enriched terms such as 
reproduction, developmental process and multi-organism process. However, emasculation, 
crossing and harvesting of the tissue prior to sequencing is also a possibility. After response 
to stimulus, the next most significantly enriched GO terms were catalytic activity, 
transcription regulator activity and binding. Catalytic activity may represent a suite of genes 
that FIS PRC2 represses to regulate endosperm development. For instance, hydrolysing and 
pectin degrading enzymes were identified that have recognised roles in perturbing 
endosperm cellularisation (Xiao et al., 2014; Wolff et al., 2015). Additionally (or 
(A) mea1-1/mea1-1 vs. wild type (B) fis2-3/fis2-3 vs. wild type 
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alternatively), catalytic activity may represent the high energy demands of silique and seed 
development (for instance, cellular and metabolic processes were also enriched). 
Interestingly, transcription regulator activity may be the secondary effect that increases the 
expression of genes not regulated by H3K27me3 in the endosperm. Indeed, this list included 
transcription factors. Accordingly, GO term binding includes DNA binding proteins, such as 
transcription factors. Lastly, other notable enriched terms included regulatory terms, such as 
positive and negative regulation of biological process. This is likely relative to FIS PRC2 target 
genes that regulate seed and endosperm development.  
 
 
 
Figure 3.13 Gene Ontology (GO) analysis of TAIR10 genes exhibiting significantly increased expression in both 
A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 compared to wild type. Enriched GO terms are graphed as 
percentage of genes from the input list (genes increased in expression in both mutants, 1,481 genes total). For 
each term, the percentage of expected genes (background) is also graphed for reference. Analysis was 
performed using agriGO: the Gene Ontology analysis toolkit and database for the agricultural community (Du et 
al., 2010). Statistical significance of enriched GO terms: 8x10
-47 
< p-value < 2x10
-3
, 2x10
-43 
< FDR < 5x10
-2. 
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Secondly, the 1,167 genes significantly decreased in expression in both mea1-
1/mea1-1 and fis2-3/fis2-3 compared to wild type were analysed for enriched GO terms 
(Figure 3.14). The most significantly enriched GO terms were catalytic activity, cellular 
process and metabolic process. Interestingly, these terms were also enriched in genes 
significantly increased in both mutants, but contained different genes in the same GO term. 
For instance, in genes significantly decreased in both mutants, enzymes involved in 
processes that affect nitrogen, carbohydrate, oxoacid and organic acid levels were identified. 
These genes may represent a developmental switch occurring in the siliques, which are now 
undergoing seed development. Alternatively, these genes may be partially regulated by FIS 
PRC2 in wild type, but have been repressed by other secondary effects from mea1-1/mea1-1 
and fis2-3/fis2-3 mutations that decreased their expression more than H3K27me3. The GO 
terms transcription regulator activity, binding and regulation of biological process were all 
significantly less than the percentage of expected genes (background). This is consistent with 
most genes in these GO terms being significantly increased in expression. Other enriched GO 
terms such as reproduction, developmental process and growth were broad and expected in 
developing siliques. 
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Figure 3.14 Gene Ontology (GO) analysis of TAIR10 genes exhibiting significantly decreased expression in 
both A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3 compared to wild type. Enriched GO terms are graphed 
as percentage of genes from the input list (genes decreased in expression in both mutants, 1,167 genes total). 
For each term, the percentage of expected genes (background) is also graphed for reference. Analysis was 
performed using agriGO: the Gene Ontology analysis toolkit and database for the agricultural community (Du et 
al., 2010). Statistical significance of enriched GO terms: 1x10
-18 
< p-value < 2x10
-3
, 7x10
-15 
< FDR < 5x10
-2.  
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3.3.8 The majority of lncRNAs identified are novel 
To evaluate the novelty of the lncRNAs and select lncRNA candidates for further 
investigation, the 2,362 lncRNAs identified were compared to previously identified lncRNAs, 
published lncRNAs and other key datasets (Table 3.9 and Figure 3.15). Of the limited 
available resources, A. thaliana lncRNAs are recorded in the Araport11 A. thaliana 
annotation (Cheng et al., 2017), the Plant Long non-coding RNA Database (PLncDB) (Jin et al., 
2013) and reports of NATs (Wang et al., 2014a). 
Firstly, it was discovered that 1,022 (43%) of the lncRNAs overlapped one or more of 
the 2,807 lncRNAs identified in A. thaliana Col and C24 crosses (Chapter Two). Comparison 
to published datasets, the Araport11 annotation contained 471 (20%) of the lncRNAs 
identified. Only 202 (9%) were reported in the PLncDB and only 367 (16%) have been 
identified as NATs. Most of the matches were intergenic and antisense exonic lncRNAs 
respectively, as expected. Comparison to these three published datasets, 1,510 (64%) of the 
lncRNAs have not been previously identified. Furthermore 895 (38%) were novel compared 
to both published lncRNAs and the A. thaliana Col and C24 crosses (Chapter Two). mea1-
1/mea1-1 and fis2-3/fis2-3 revealed many lncRNAs that have not been previously detected, 
suggesting these lncRNAs are subject to FIS PRC2 mediated H3K27me3 silencing. 
A total 485 (21%) of lncRNAs overlapped one or more TEs. 238 (10%) lncRNAs 
overlapped one or more TEs in the same (sense) orientation. An additional 247 (10%) were 
antisense to one or more TEs. Most of the lncRNAs overlapping a TE were intergenic relative 
to TAIR10 gene models. There were 14 lncRNAs that were in proximity to a gene that is 
specifically expressed in the endosperm. Comparing to RNA methylation sites, a total of four 
lncRNAs contained an m5C modification.  
Overall, the majority of lncRNAs identified were novel. Other lncRNAs identified were 
highly reproducible from published datasets. There are many interesting candidates for 
further research, six of which were chosen for further bioinformatic investigation.  
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Table 3.9 Comparison of lncRNAs identified in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 to 
published lncRNAs and key datasets. All 2,362 lncRNAs identified were tested for overlap with A. thaliana Col 
and C24 crosses lncRNAs, published A. thaliana lncRNAs, Natural Antisense Transcripts (NATs), transposable 
elements, endosperm specific genes and RNA methylation sites. When comparing with gene datasets, no 
intergenic lncRNAs directly overlap, therefore proximity of 1 kb upstream and 1 kb downstream was imposed.  
 
LncRNA vs. dataset Intergenic 
Antisense 
exonic 
Sense 
intronic 
Antisense 
intronic 
Total % of 2,362 
A. thaliana Col /C24 crosses lncRNAs*  
(Chapter Two: Jones, unpublished)  
244 331 443 4 1,022 43.27% 
Araport11 A. thaliana annotation* 
(Cheng et al., 2017) 
180 115 176 0 471 19.94% 
Plant lnRNA database (PLncDB)* 
(Jin et al., 2013) 
167 35 0 0 202 8.55% 
Natural Antisense Transcripts (NATs)* 
(Wang et al., 2014a) 
48 175 139 5 367 15.54% 
Transposable elements*  
(TAIR10) 
148 58 29 3 238 10.08% 
Antisense to a transposable elements 
(TAIR10) 
155 62 30 0 247 10.46% 
Endosperm specific genes  
(Le et al., 2010; Belmonte et al., 2013) 
3 
(in 1kb) 
6 5 0 14 0.59% 
m5C RNA methylation sites* 
(David et al., 2016) 
4 0 0 0 4 0.17% 
*Strand specific, same orientation for overlap. 
 
 
Figure 3.15 Comparison of lncRNAs identified in A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3 
to published lncRNAs and key datasets. All 2,362 lncRNAs identified were tested for overlap with other lncRNA 
datasets to identify novel lncRNAs. LncRNAs identified in A. thaliana Col and C24 crosses (2,807, Chapter Two) 
were compared to lncRNAs identified in this chapter. Published A. thaliana lncRNAs included the Araport11 A. 
thaliana annotation (Cheng et al., 2017), the plant lncRNA database (Jin et al., 2013) and long non-coding 
natural antisense transcripts (Wang et al., 2014a). In total, there is approximately 40,000 lncRNAs reported in 
A. thaliana. 
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Lastly, all lncRNAs identified throughout this research project in siliques from A. 
thaliana Col, C24, reciprocal crosses of these two ecotypes, Ler wild type, mea1-1/mea1-1 
and fis2-3/fis2-3 were compared; a total of 4,147 lncRNAs were reproducibly detected in 
two or more biological replicates (Figure 3.16). By comparing the 4,147 lncRNAs to published 
datasets, 2,652 (64%) were novel, potentially being exclusively expressed during silique and 
seed development. This is consistent with lncRNAs being very lowly expressed, acting in cis 
in specific cell types, being difficult to detect (Guttman et al., 2009; Heo and Sung, 2011; Liu 
et al., 2012; Wang et al., 2014a). In the absence of a functional FIS PRC2, 853 novel lncRNAs 
were revealed, that were not assembled in any other sample. This suggests that many 
lncRNAs are subject to FIS PRC2 repression during silique and seed development or may 
reflect stochastic variability in spurious transcription that is being detected. Overall, there 
were 79 lncRNAs that were detected in every sample. These 79 could be regarded as the 
most robust set of lncRNAs identified, being reproducible in biological replicates, different 
ecotypes, crosses and mutants. These 79 lncRNAs were among the most highly expressed, 
having a median FPKM of 2, compared to all other lncRNAs having a median FPKM of 1. This 
likely resulted in their reproducible detection in this study and others, as 50 (63%) have been 
reported in the literature. This is predominantly antisense exonic lncRNAs (Wang et al., 
2014a), but also uncharacterised intergenic lncRNAs (Cheng et al., 2017). It is likely that 
more sequencing depth will provide a more uniform assembly of the lowly expressed 
lncRNAs. 
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Figure 3.16 Venn diagram of all A. thaliana lncRNAs identified in this research project. LncRNA transcripts 
were individually assembled in A. thaliana 1 day after pollination siliques from ColxCol, C24xC24, ColxC24, 
C24xCol, LerxLer wild type and Ler FIS PRC2 mutants (mea1-1/mea1-1, fis2-3/fis2-3). Only lncRNAs assembled 
in at least two of the three biological replicates were recorded. (A) Venn diagram of all 4,147 lncRNAs 
identified. Six-set Venn diagram was generated with InteractiVenn (Heberle et al., 2015). (B) Novelty of all 
4,147 lncRNAs compared to published datasets (Jin et al., 2013; Wang et al., 2014a; Cheng et al., 2017). 
(A) Total lncRNAs identified: 4,147  
  
(B) Novelty of lncRNAs (64%) 
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3.3.9 Further investigation of six lncRNA candidates 
From the lncRNAs identified in this chapter, six candidates were chosen for further 
investigation (Table 3.10). Candidates were chosen that are potentially regulated by FIS 
PRC2. LncRNAs with different transcription patterns (relative to TAIR10 gene models), 
lengths and exon numbers are also represented. Each of the six candidates were imaged in 
the Integrative Genomics Viewer, IGV (Robinson et al., 2011; Thorvaldsdóttir et al., 2013) 
(Figure 3.17). Furthermore, for each candidate, a minimum free energy structure prediction 
was generated by the RNAfold tool of ViennaRNA Package 2.0 (Lorenz et al., 2011) (Figure 
3.18). 
 The first lncRNA candidate, antisense exonic TCONS_00000700, was only assembled 
in both mea1-1/mea1-1 and fis2-3/fis2-3; no assembly observed in Ler wild type or Col and 
C24 crosses (Chapter Two). The expression of the lncRNA was only high enough in mea1-
1/mea1-1 and fis2-3/fis2-3 to assemble a transcript. Accordingly, the lncRNA was 
significantly increased in expression in both mea1-1/mea1-1 and fis2-3/fis2-3 compared to 
wild type. 88% of the 1,550 nt single exon lncRNA was antisense to AT2G35570; a pseudo 
gene that has similarity to serine protease inhibitor family proteins. This pseudo gene has 
reported endosperm specific expression (Le et al., 2010; Belmonte et al., 2013). It is possible 
the lncRNA also has endosperm specific expression or has cis activity on the gene model. 
Lastly, the lncRNA has not been reported by any other study. 
 Sense intronic lncRNA TCONS_00001775 was also exclusively identified in both 
mea1-1/mea1-1 and fis2-3/fis2-3; no transcript assembly was observed in Ler wild type or 
Col and C24 crosses (Chapter Two). Likewise, the lncRNA had significantly increased 
expression in both mea1-1/mea1-1 and fis2-3/fis2-3 compared to wild type. The lncRNA was 
sense intronic to AT5G13330 which encodes a member of the ethylene response factor (ERF) 
subfamily B-4 of ERF /APETALA2 (AP2) transcription factor family. This gene was found to be 
significantly increased in expression within both mea1-1/mea1-1 and fis2-3/fis2-3. 
Furthermore, this gene and the lncRNA are subject to H3K27me3 in the wild type endosperm 
(Moreno-Romero et al., 2016). Therefore, they are likely expressed in the endosperm. AP2 
transcription factors are conserved in the plant kingdom and have numerous roles in plant 
development and stress responses (Zeng et al., 2016). Other reports have also identified an 
A. thaliana lncRNA neighbouring (upstream) of another AP2 gene (AT4G36920), with 
potential cis activity on the gene under virus infection to regulate floral structure (Gao et al., 
2016). The lncRNA identified in this chapter is 1,223 nt with one exon and minimal 
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probability of a secondary structures. However, as the lncRNA candidate is sense intronic, an 
alternative hypothesis is that a stable circular intronic RNA is forming from canonical 
splicing. The lncRNA has also been independently reported by Wang et al. (2014a) but not 
characterised. 
 Only 15 antisense intronic lncRNAs were identified in this chapter. The chosen 
representative of this class had two versions; a long 1,608 nt two exon transcript 
(TCONS_00002273) and a shorter 1,494 bp two exon transcript (TCONS_00002274). Both 
versions were only assembled in mea1-1/mea1-1; no assembly observed in Ler wild type, 
fis2-3/fis2-3 or Col and C24 crosses (Chapter Two). Potential expression in fis2-3/fis2-3 was 
observed, however, transcript assembly threshold was not met (all FPKMs < 1). Both exons 
for each transcript varied in size; TCONS_00002273 had a small first exon and larger second 
exon, whereas the inverse was observed for TCONS_00002274. Remarkably, both exons for 
both transcripts were antisense intronic to two different genes; the lncRNA had a large 
approximate 5 kb intron that spanned intergenic space into another gene. This was a rare 
occurrence, no lncRNA in this study or published datasets displayed this phenomenon. Both 
genes were different MADS box genes; AGAMOUS-LIKE 31 (AGL31, AT5G65050) and 
AGAMOUS-LIKE 70 (AGL70, AT5G65060). Both are closely related to the MADS box gene FLC, 
with key regulatory roles in transcription, flowering and seed development. Accordingly, it is 
possible the lncRNA(s) have similar function as COOLAIR and COLDAIR (Swiezewski et al., 
2009; Heo and Sung, 2011). Both of the AGL genes were highly expressed (> 10 FPKM) with 
no significant differential expression in mea1-1/mea1-1 or fis2-3/fis2-3 compared to wild 
type. The lncRNA(s) have not been reported by any study. 
 Antisense exonic lncRNA TCONS_00000032 was only assembled in mea1-1/mea1-1 
and fis2-3/fis2-3; no assembly observed in Ler wild type or Col and C24 crosses (Chapter 
Two). The lncRNA had significantly increased expression in both mea1-1/mea1-1 and fis2-
3/fis2-3. The 1,223 nt single exon lncRNA overlapped two exons and an intron of 
AT1G07230: non-specific phospholipase C1, which functions in hydrolase activity, acting on 
ester bonds. The lncRNA also has 5’ antisense proximity to AT1G07220: a gene found to be 
increased in expression during germination, believed to have a potential role in 
mitochondrial and nuclear RNA-processing (Narsai et al., 2011). It is possible a bidirectional 
promoter is driving the germination gene and the lncRNA. Both neighbouring genes were 
highly expressed (FPKM ≥ 10), higher expressed in mea1-1/mea1-1 and fis2-3/fis2-3 (FPKM ≥ 
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20), being identified as significantly higher in fis2-3/fis2-3. The lncRNA has not been reported 
by any other study. 
Intergenic TCONS_00000861 was the smallest candidate, being 294 nt and a single 
exon. The lncRNA was only assembled in fis2-3/fis2-3. The lncRNA was significantly increased 
in expression in fis2-3/fis2-3 compared to wild type, however no significant differential 
expression was observed in mea1-1/mea1-1. The lncRNA had 5’ antisense proximity to 
AT2G33775, RAPID ALKALINIZATION FACTOR-LIKE 19 (RALF19), a member of a diversely 
expressed signal peptides (Murphy and De Smet, 2014). From Chapter Two and published 
datasets, this gene has been reported as paternally expressed (McKeown et al., 2011; Wolff 
et al., 2011). The lncRNA and gene were in proximity to multiple TEs, which is consistent with 
imprinted loci (Rodrigues and Zilberman, 2015). The locus is also a confirmed target of FIS 
PRC2 mediated H3K27me3 (Moreno-Romero et al., 2016). However, curiously, there was no 
significant increase in expression of the gene in mea1-1/mea1-1 or fis2-3/fis2-3, suggesting 
regulation by other means in the absence of FIS PRC2. Rather, the gene was significantly 
reduced in fis2-3/fis2-3, having anti-correlation to the neighbouring lncRNA which was 
significantly increased in expression. One possibility is that the lncRNA regulates the 
paternally expressed gene in the absence of a functional FIS PRC2.  
The final candidate investigated, intergenic lncRNA TCONS_00002218, was only 
assembled in Ler wild type, Col and C24 crosses (Chapter Two); no assembly was observed in 
mea1-1/mea1-1 or fis2-3/fis2-3. The lncRNA had reduced expression in mea1-1/mea1-1 and 
fis2-3/fis2-3, significant in mea1-1/mea1-1 but was not found significant in fis2-3/fis2-3 (FDR 
0.06). The lncRNA is one of four containing an RNA 5-methylcytosine site (m5C). This site was 
at the 265th base of the 649 nt single exon transcript. An m5C site suggests stability in the 
transcript and the site may also induce a secondary structure. This was also supported by the 
secondary structure prediction, which contained a high abundance of > 95% base pairing 
probabilities throughout the structure (Figure 3.18F), vastly more than published lncRNAs 
COLDAIR and COOLAIR (Swiezewski et al., 2009; Heo and Sung, 2011). The lncRNA had a 
neighbouring gene and TE, both of which were on the Watson strand. However, as the 
lncRNA was transcribed from the Crick strand and there was no possible bidirectional 
promoter, the lncRNA appeared to be an independent transcriptional unit. It is possible the 
lncRNA has regulatory functions in wild type however reduced expression in mea1-1/mea1-1 
and fis2-3/fis2-3 potentially perturb this activity. The lncRNA has also been reported by 
Wang et al. (2014a) but not characterised. 
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Table 3.10 LncRNA candidates identified in A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3. Six candidates 
were chosen based on novelty and unique features. A variety of lengths, exon numbers and genomic features 
were also represented. Expression is included as Fragments Per Kilobase of transcript per Million mapped reads 
(FPKM). 
 
LncRNA ID Size Gene model(s) Novelty 
(A) 
Antisense 
exonic  
TCONS_000
00700 
 
1,550 nt 
 
1 exon 
 
FPKMs: 
Ler = 0.25 
mea= 0.49 
fis2 = 3.46 
Antisense exonic to AT2G35570: pseudogene, serpin (serine 
protease inhibitor) family, similar to phloem serpin-1 
(Cucurbita maxima).  
 
Gene has endosperm specific expression (Le et al., 2010; 
Belmonte et al., 2013). Gene has low expression (< 1 FPKM), 
potentially higher expression in the mutants; higher FPKM but 
not significant. Potentially the locus is silenced in wild type 
and expressed exclusively in the mutants.  
 
Sense overlap to transposable element AT2TE66360.  
LncRNA only assembled 
in both mutants (no 
assembly in Ler wild type 
or Col and C24 croses). 
LncRNA significantly 
increased in expression in 
both mutants. Antisense 
to a gene specifically 
expressed in the 
endosperm. Overlap with 
TE suggests H3K27 
silencing in wild type. 
LncRNA not reported. 
(B) Sense 
intronic 
TCONS_000
01775 
1,223 nt 
 
1 exon 
 
FPKMs: 
Ler = 0.40 
mea= 1.64 
fis2 = 1.66 
Sense intronic to AT5G13330: encodes a member of the ERF 
(ethylene response factor) subfamily B-4 of ERF/AP2 
transcription factor family. Located in the nucleus, functions in 
DNA binding, sequence-specific DNA binding, has transcription 
factor activity.  
 
Gene found to be significantly increased in expression within 
both mea1-1/mea1-1 and fis2-3/fis2-3. In GO analyses (3.3.6), 
the gene is enriched in transcription regulator activity, 
transcription factor activity and DNA binding terms. 
 
3’ sense proximity to transposable element AT5TE15460. 
LncRNA only assembled 
in both mutants (no 
assembly in Ler wild type 
or Col and C24 crosses). 
LncRNA significantly 
increased in expression in 
both mutants. AP2 
transcription factor family 
a causative agent of 
malaria. Also reported by 
Wang et al. (2014a) but 
not characterised. 
(C) 
Antisense 
intronic 
TCONS_000
02273 / 
00002274 
 
1,608 / 
1,494 nt 
 
2 exons 
 
FPKMs: 
Ler = 0.00 
mea= 0.59 
fis2 = 0.21 
 
FPKMs: 
Ler = 0.00 
mea= 0.59 
fis2 = 0.22 
Antisense intronic to AT5G65050: AGAMOUS-LIKE 31, AGL31, 
MADS AFFECTING FLOWERING 2, MAF2. One of a group of 
MADS box genes involved in control of flowering time. Four 
variant sequences have been identified for this locus but have 
not been characterized for differences in expression pattern 
and/or function. Functions in RNA polymerase II regulatory 
region sequence-specific DNA binding, protein dimerization 
activity, transcription factor activity, sequence-specific DNA 
binding. 
 
Antisense intronic to AT5G65060: AGAMOUS-LIKE 70, AGL70, 
FCL3, MADS AFFECTING FLOWERING 3, MAF3. MADS domain 
protein - flowering regulator that is closely related to FLC. 
Functions in negative regulation of flower development, 
regulation of transcription, DNA-binding, transcription, DNA-
templated, vernalisation response. Located in nucleus  
 
5' sense proximity to transposable element AT5TE93510. 
Proximity to intergenic lncRNA TCONS_00002012/3. 
LncRNA appears to only 
be expressed in both 
mutants. Very low 
expression (<1 FPKM), 
transcript only assembled 
in mea-1/mea1-1. 
Contains two exons, both 
are antisense intronic to 
two different MADS box 
genes. Both genes have 
key regulatory roles in 
transcription, flowering 
and seed development. 
Both genes highly 
expressed (> 10 FPKM), 
no significant differential 
expression in mutants. 
LncRNA possibly targeting 
genes to new locus. 
LncRNA not reported. 
 
139 
 
(D) 
Antisense 
exonic 
TCONS_000
00032 
1,223 nt 
 
1 exon 
 
FPKMs: 
Ler = 0.28 
mea= 0.89 
fis2 = 1.73 
Antisense exonic to AT1G07230: Non-specific phospholipase 
C1 (NPC1). Functions in hydrolase activity, acting on ester 
bonds. Located in endomembrane system. 
 
Gene highly expressed (≥ 10 FPKM). Higher FPKM in the 
mutants, significantly higher expression in fis2-3/fis2-3. 
 
5’ antisense proximity to AT1G07220: gene found to be 
increased in expression during germination (Narsai et al., 
2011). Believed to have a potential role in mitochondrial and 
nuclear RNA-processing.  
 
Gene highly expressed (≥ 10 FPKM). Higher FPKM in the 
mutants, significantly higher expression in fis2-3/fis2-3. 
LncRNA only assembled 
in both mutants (no 
assembly in Ler wild type 
or Col and C24 crosses). 
LncRNA significantly 
increased in expression in 
both mutants. Increased 
lncRNA expression 
possibly enhancing 
expression of 
neighbouring genes or 
vice versa. Possible bi–
directional AT1G07220 
promoter initiates 
transcription of the gene 
and neighbouring lncRNA. 
LncRNA not reported. 
(E) 
Intergenic 
TCONS_000
00861 
 
294 nt 
 
1 exon 
 
FPKMs: 
Ler = 0.36 
mea= 0.16 
fis2 = 0.82 
5’ antisense proximity to AT2G33775: RALF-LIKE 19, RALFL19. 
Member of a diversely expressed predicted peptide family 
showing sequence similarity to tobacco Rapid Alkalinization 
Factor (RALF), and is believed to play an essential role in the 
physiology of Arabidopsis. Consists of a single exon and is 
characterized by a conserved C-terminal motif and N-terminal 
signal peptide. 
  
Gene significantly increased in expression in fis2-3/fis2-3. 
From Chapter Two and published datasets, this gene has been 
reported as paternally expressed (McKeown et al., 2011; Wolff 
et al., 2011). 
 
3' antisense proximity to transposable element AT2TE63205. 
LncRNA only assembled 
in fis2-3/fis2-3. LncRNA 
has significantly increased 
expression in fis2-3/fis2-
3. Neighbouring gene 
model is paternally 
expressed. The gene 
model is significantly 
decreased in expression 
in fis2-3/fis2-3, where the 
lncRNA is significantly 
increased in expression. 
LncRNA not reported. 
(F) 
Intergenic 
TCONS_000
02218 
649 nt 
 
1 exon 
 
FPKMs: 
Ler = 1.88 
mea= 0.95 
fis2 = 1.13 
3’ antisense proximity to AT5G49650: Xylulose kinase 2, a 
cytosolic protein capable of phosphorylating xylulose and 
deoxy-xylulose. Most likely plays a role in producing 
precursors for isoprenoid biosynthesis.  
 
Gene significantly higher expressed in fis2-3/fis2-3 (from 
approximately 10 to ≥ 20 FPKM). 
 
5’ antisense proximity to transposable element AT5TE72590. 
LncRNA assembled in Ler 
wild type, Col and C24 
crosses, but not in the 
mutants. LncRNA had 
lower FPKM in mutants, 
significant in mea1-
1/mea1-1 but not fis2-
3/fis2-3. m
5
C at Chr5 
20156205, base 265 of 
the lncRNA. Also reported 
by Wang et al. (2014a) 
but not characterised. 
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(A) Antisense exonic TCONS_00000700 
(B) Sense intronic TCONS_00001775 
(C) Antisense intronic TCONS_00002273 and 00002274 
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(D) Antisense exonic TCONS_00000032 
(E) Intergenic TCONS_00000861 
(F) Intergenic TCONS_00002218 (m5C) 
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Figure 3.17 Genomic displays of the A. thaliana lncRNA candidates identified. The six candidates (A to F) are 
shown in the Integrative Genome Viewer (Robinson et al., 2011; Thorvaldsdóttir et al., 2013). Loaded into the 
viewer in descending rows: TAIR10 gene models (Gene), transposable elements alongside transposable 
element genes (TEs+TE_genes.gtf), all lncRNAs Cuffmerge reference (All.LncRNAs.gtf), A. thaliana Ler wild type 
lncRNAs (1.Ler.gtf), mea1-1/mea1-1 lncRNAs (2.mea.gtf) and fis2-3/fis2-3 lncRNAs (3.fis.gtf). (G and H) 
Published lncRNAs are shown for comparison; COOLAIR long /short versions (Swiezewski et al., 2009), COLDAIR 
(Heo and Sung, 2011) and HIDDEN TREASURE 1 (Wang et al., 2014c). 
 
(G) COOLAIR and COLDAIR 
(H) HIDDEN TREASURE 1 
143 
 
 
(A) Antisense exonic TCONS_00000700  (B) Sense intronic TCONS_00001775 
(C) Antisense intronic TCONS_00002273 (long version) and 00002274 (short version)  
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(F) Intergenic TCONS_00002218 (m5C)  (G) COOLAIR (long version) 
(D) Antisense exonic TCONS_00000032  (E) Intergenic TCONS_00000861 
145 
 
 
 
Figure 3.18 Secondary structure predictions of the A. thaliana lncRNA candidates identified. Minimum free 
energy structure prediction generated by the ViennaRNA Package 2.0 RNAfold tool (Lorenz et al., 2011), 
utilising models and algorithms introduced by Zuker and Stiegler (1981). (A to F) Six lncRNA candidates. (G to J) 
Published lncRNAs are shown for comparison; COOLAIR long /short versions (Swiezewski et al., 2009), COLDAIR 
(Heo and Sung, 2011) and HIDDEN TREASURE 1 (Wang et al., 2014c). Coloured scale represents base pair 
probabilities.  
(H) COOLAIR (short version)    (I) COLDAIR 
 (J) HIDDEN TREASURE 1 
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3.4 Discussion 
 
3.4.1 Novel lncRNAs identified in mea1-1 and fis2-3 siliques 
Utilising A. thaliana Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3, 2,362 lncRNAs 
were identified that could be reproducibly detected in two or more replicates. 55% (1,296) 
of the lncRNAs were identified in mea1-1/mea1-1 and fis2-3/fis2-3. Similar to Chapter Two, 
the lncRNAs identified were lowly expressed, small in size (median of 500 nt) and had 
minimal to no splicing. The lncRNAs directly overlapped genes, including post-embryonic 
genes. mea1-1/mea1-1 and fis2-3/fis2-3 induced transcriptome wide differential expression 
of transcripts compared to wild type, including 8,212 genes and 520 lncRNAs. GO terms 
revealed that many of these genes have catalytic and transcriptional regulator activities. By 
collating the lncRNAs identified in Chapter Two and this chapter, a total 4,147 lncRNAs have 
been identified. 21% (853) were exclusively identified in mea1-1/mea1-1 and/or fis2-3/fis2-3 
compared to all other silique samples sequenced. These lncRNAs are potentially regulated by 
FIS PRC2 or associated with FIS PRC2. Furthermore, these may have roles in silique and seed 
development. 
Currently, this is the first identification of lncRNAs in any FIS PRC2 mutant. Many 
lncRNAs were identified in mea1-1/mea1-1 and fis2-3/fis2-3 that have not been reported in 
any other study. It was confirmed that lncRNAs undergo differential expression in mea1-
1/mea1-1 and fis2-3/fis2-3 compared to wild type. FIS PRC2 regulates key aspects of 
development in higher eukaryotes, access to homozygous mutants is rare and unlikely to be 
available in mammalian systems (Luo et al., 1999). The lncRNAs exclusively identified and/or 
significantly increased in expression in mea1-1/mea1-1 and fis2-3/fis2-3 are potentially 
silenced by FIS PRC2 mediated H3K27me3. In support of this, approximately one quarter of 
differentially expressed genes and lncRNAs are transcribed from loci targeted by FIS PRC2 
mediated H3K27me3 in the endosperm 4 DAP (Moreno-Romero et al., 2016). It is likely that 
many of the lncRNAs identified recruit PRC2 to the locus of a protein coding gene to mediate 
gene repression. For instance, 681 of the lncRNAs identified (29%) overlap a differentially 
expressed gene. It is surprising that over 800 novel lncRNAs were identified and 
transcriptome wide differential expression was detected, given the specific expression of 
MEA and FIS2. Although the endosperm is a small fraction of what was sequenced in 1 DAP 
siliques, high-throughput sequencing can be very sensitive, sample all cells (e.g. 4x108 reads) 
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(Goodwin et al., 2016). Alternatively, some of these lncRNAs may originate from the 
maternal silique tissues. For instance, unidentified signal(s) from the endosperm may have 
been sent to maternal tissues that induced epigenome remodelling, altering gene 
expression.  
Interestingly, compared to fis2-3/fis2-3, mea1-1/mea1-1 had approximately 60% 
more lncRNAs identified, approximately 50% more differentially expressed transcripts and at 
significantly higher fold changes. This may be due to MEA being the H3K27 
methyltransferase subunit of PRC2 (Mozgova and Hennig, 2015). H3K27me3 may be 
significantly more perturbed in mea1-1/mea1-1 than fis2-3/fis2-3, although this has not 
been demonstrated and no phenotypic differences between the two mutants have been 
observed (not shown). During vernalisation, CLF is the H3K27 methyltransferase subunit of 
PRC2, and plant lncRNAs have been demonstrated to bind to this subunit (Heo and Sung, 
2011; Kim and Sung, 2017). It is predicted lncRNAs also bind to MEA and potentially FIS2. A 
different pool of lncRNAs may increase in transcription in the absence of MEA or FIS2 to bind 
to. Interestingly, MET1 interacts with MEA in vitro in a yeast two-hybrid assay and shares 
expression patterns in reproductive tissues in vivo (Schmidt et al., 2013). If there is a 
mechanistic link between two major epigenetic pathways involved in histone and DNA 
methylation, mea1-1/mea1-1 may also induce significant changes in genes silenced by DNA 
methylation.  
In mea1-1/mea1-1 and fis2-3/fis2-3, a large quantity of genes and lncRNAs were 
significantly decreased in expression, comparable to the numbers that were significantly 
increased in expression. One possibility is that FIS PRC2 target genes that become expressed 
in mea1-1/mea1-1 and fis2-3/fis2-3 repress other genes. To support this, genes significantly 
increased in expression in mea1-1/mea1-1 and fis2-3/fis2-3 were enriched in GO molecular 
functions such as transcriptional regulator activity and DNA binding. It is also likely that 
imprinted genes have become expressed and potentially both parental alleles are silenced 
by other regulatory networks (Moreno-Romero et al., 2016). The expression of novel 
lncRNAs may also alter the expression of other transcripts, for instance by RdDM (Matzke et 
al., 2015). Alternatively, lncRNAs may be assembling and guiding different repressive 
complexes in the absence of PRC2. However, it is also important to note that as mea1-
1/mea1-1 and fis2-3/fis2-3 induce transcriptome wide increases of gene expression, the pool 
of total RNA has increased. This may result in false-positive significantly decreased 
transcripts which actually maintain consistent transcription levels.  
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3.4.2 Investigating six lncRNA candidates 
After identification and bioinformatic analysis of lncRNAs in mea1-1/mea1-1 and fis2-
3/fis2-3, six candidates were chosen for further investigation. Most lncRNA candidates 
investigated were exclusively identified in mea1-1/mea1-1 and fis2-3/fis2-3, being absent 
(no transcript assembled) in A. thaliana Ler wild type. Furthermore, these candidates were 
absent in Col and C24 crosses (Chapter Two) and have not been previously reported by any 
other study. The expression of these lncRNAs was only high enough in mea1-1/mea1-1 and 
fis2-3/fis2-3 to assemble a transcript. In most instances, these lncRNAs were significantly 
increased in expression in both mea1-1/mea1-1 and fis2-3/fis2-3 compared to wild type. 
These candidates are likely silenced in Ler wild type by FIS PRC2 facilitated H3K27me3 
(Moreno-Romero et al., 2016). However in the absence of a functional FIS PRC2, are 
expressed. In support of this, the candidates were in proximity to TEs which are 
predominantly silenced by DNA methylation (Pontier et al., 2005). TEs undergo DME 
facilitated demethylation in the endosperm (Gehring et al., 2009; Hsieh et al., 2009) and are 
silenced again by the PRC2 (Moreno-Romero et al., 2016). Thus, these lncRNA candidates 
potentially have an endosperm inter-cellular localisation. Indeed, one candidate overlapped 
a gene specifically expressed in the endosperm (Le et al., 2010; Belmonte et al., 2013). 
Another candidate was in proximity to a paternally expressed gene (McKeown et al., 2011; 
Wolff et al., 2011).  
Three of the lncRNA candidates exclusively assembled in mea1-1/mea1-1 and fis2-
3/fis2-3, among many others, were in proximity to transcription factors. In mammals, 
lncRNAs can bind to transcription factors to promote phosphorylation (thus activation) by 
preventing association with dephosphorylation enzymes (Wang et al., 2014b). This function 
may also be occurring plants. Indeed, there are reports of A. thaliana transcription factors 
being RNA binding proteins in planta (Reichel et al., 2016). One lncRNA candidate was sense 
intronic to a member of the APETALA 2 (AP2) transcription factor family, which have roles in 
regulating reproductive organ stem cell fate, particularly floral whorls (Wollmann et al., 
2010). AP2 transcription factors act by antagonising AGAMOUS activity, rather than 
repressing its transcription (Huang et al., 2016b). Plant lncRNAs have been identified to act 
in cis on AP2 transcription factors, although the molecular function of this activity is yet to 
be discovered (Gao et al., 2016). 
Other transcription factors identified included AGAMOUS-LIKE (AGL) genes. AGL 
genes, are part of the MADS-box gene family (MINICHROMOSOME MAINTENANCE 1 (MCM) 
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genes in yeast, AGAMOUS (AG) in Arabidopsis, DEFICIENS (DEF) in Antirrhinum and serum 
response factor (SRF) in humans (Ng and Yanofsky, 2001). MADS-box genes are homeotic, 
controlling development, being comparable to Hox genes in animals (Riechmann et al., 
2000). MADS genes encode transcription factors that share a common DNA-binding domain 
(the ‘box’). In plants, the MADS-box (AGL) genes have roles in controlling floral and 
reproductive development (Yan et al., 2016). In this chapter, a two exon antisense intronic 
lncRNA was identified that was transcribed from the introns of two different AGL genes: 
AGL31 and AGL70 (also known as MADS AFFECTING FLOWERING 2 and 3, i.e. MAF2 and 
MAF3). This occurrence may be due to a large intron within the lncRNA, or a result of gene 
fusions at the AGL tandem gene cluster at chromosome 5 (Caicedo et al., 2009). 
Alternatively, due to the sequence similarity of the tandem gene cluster of AGL genes, it is 
possible that the lncRNAs is not a single transcriptional unit but two. AGL31 has a 
demonstrated role in reproductive delay, acting as a floral repressor (Ratcliffe et al., 2003). 
Interestingly, AGL31 has alternative splicing at high temperature, which shifts to an intron-
retention isoform that introduces a premature termination codon (Airoldi et al., 2015). 
AGL70, which is closely related to FLC (AGL25), also has a role in regulating flowering time 
(Nasim et al., 2017). AGL genes are expressed in most plant tissues, including reproductive 
organs and the endosperm (Alvarez-Buylla et al., 2000). Accordingly, they are predicted to 
have roles beyond flowering, as only a minority are floral specific or preferentially expressed 
in embryos (Rounsley et al., 1995). Plant lncRNAs have been demonstrated to have cis-
regulatory activity on AGL genes, such as FLC (AGL25) (Swiezewski et al., 2009; Heo and 
Sung, 2011; Kim and Sung, 2017). LncRNAs exclusively expressed in mea1-1/mea1-1 and fis2-
3/fis2-3 are novel and their potential regulation of AGL31 and AGL70 could have profound 
impacts on reproductive development.  
The final lncRNA candidate investigated was exclusively assembled in A. thaliana Ler 
wild type, Col and C24 crosses, but was not assembled in mea1-1/mea1-1 or fis2-3/fis2-3. 
The lncRNA had reduced expression mea1-1/mea1-1 and fis2-3/fis2-3, significant in mea1-
1/mea1-1 but was not found significant in fis2-3/fis2-3 (FDR 0.06). The intergenic lncRNA 
was in 3’ antisense proximity to a xylulose kinase. However, interestingly, this lncRNA is one 
of four containing an RNA 5-methylcytosine site (m5C). RNA modifications can influence the 
transcript structure, modulate RNA-protein interactions and protect the transcript from 
degradation (Lewis et al., 2017). For instance, m5C can prevent mammalian lncRNAs binding 
to PRC2 (Amort et al., 2013). The m5C site suggests stability in the transcript and may also 
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induce a biologically important secondary structure. This was also supported by the 
secondary structure prediction, which contained confident base pairing probabilities 
throughout the sequence. If this lncRNA has a molecular function, significant reduction in its 
expression may perturb regulated silique and seed development. 
 
 
3.4.3 Conclusions 
Utilising A. thaliana Ler mea1-1/mea1-1 and fis2-3/fis2-3, 2,362 lncRNAs were 
identified, more than half were exclusively identified in the mutants. mea1-1/mea1-1 and 
fis2-3/fis2-3 induced transcriptome wide differential expression of over 8,000 genes and 500 
lncRNAs. These genes included transcriptional regulators, transcription factors and DNA 
binding proteins. LncRNAs overlapped these genes, potentially having cis-regulatory roles. 
Overall, the data was used to explore novel lncRNAs expressed in the absence of a functional 
FIS PRC2.  
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CHAPTER FOUR: Investigation of putative inter-
genus hybrids between Arabidopsis and Boechera 
 
Please note: There is intellectual property associated with the discovery that mutations in 
PRC2 (specifically fis1/mea, fis2) facilitate the production of hybrids between Arabidopsis 
thaliana and Boechera pinetorum, a discovery previously identified as the EzyCross invention 
by the ANU. The ANU has stated that the intellectual property associated with this invention 
is the exclusive property of the inventors Allan Lohe and Enrico Perotti. 
 
 
4.1 Introduction 
 
4.1.1 Limitations to creating novel hybrids 
In an effort to maintain and potentially improve agricultural output, plant breeders 
often resort to cross-breeding for improved cultivars. Hybridisation can provide agricultural 
crops with novel genetic variation and alleviate inbreeding depression (Charlesworth and 
Willis, 2009; Chen, 2013). For instance, in rice, intraspecific hybrid generation and 
investigation has identified superior alleles involved in heterosis (Huang et al., 2015; Huang 
et al., 2016a). Furthermore, distant interspecific hybridisation can potentially add superior 
alleles that confer disease and/or stress resistance. For instance, crossing wheat (Triticum 
aestivum) with wild wheatgrass (Agropyron elongatum) increases yield by more than 15%, 
provides resistance to stripe rust disease and increases tolerance to drought (Li et al., 
2008b). Therefore, interspecific hybridisation is a desirable application to agriculture, and 
the hybrids are free of genetic modification technologies. However, progress has been 
limited as two key challenges exist when creating novel hybrids. Firstly, intraspecific hybrids 
lose heterosis in the F2 generation, which is predicted to be the result of an epigenetic reset 
(Greaves et al., 2015). Secondly, interspecific crosses are faced with pre- or post-zygotic 
hybridisation barriers that impose reproductive isolation (Schatlowski and Kohler, 2012). 
When the genetic distance between the parents increase, pre-zygotic barriers become a 
limiting factor to the production of hybrids between distant relatives. These include 
differences in size and morphology of reproductive organs, notably the incompatibility of 
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pollen such as failure of pollen tube germination or growth (Dresselhaus et al., 2011). In the 
absence of pre-zygotic barriers, fertilisation can be successful but this is often followed by a 
failure in seed development due to post-zygotic barriers. Post-zygotic barriers arise from 
genetic incompatibilities that cause embryo abortion and/or endosperm collapse (Bikard et 
al., 2009; Mizuta et al., 2010). Many cases of post-zygotic barriers involve interspecific 
crosses that are interploidy, which creates a conflicting genome imbalance. Additional copies 
of genes can be deleterious, for instance non-viable (sterile) triploid seeds, a phenomenon 
known as triploid block (Marks, 1966). Interploidy crosses create a genomic imbalance that 
has differing effects based upon the parental excess, particularly in the endosperm (Scott et 
al., 1998). Indeed, it is the endosperm that is considered to be accountable for genome 
imbalance induced post-zygotic barriers (Kinoshita, 2007; Tonosaki et al., 2016). The wild 
type triploid endosperm undergoes intricate strategies to compensate genome imbalances 
and it has been proposed that imprinting is the primary mechanism that rectifies this 
imbalance (Rodrigues and Zilberman, 2015). However, in triploid seeds, imprinting is 
perturbed as FIS PRC2 target genes become de-regulated. In particular, paternally expressed 
genes become de-regulated, which have been shown to negatively control endosperm 
cellularisation (Kradolfer et al., 2013b; Wolff et al., 2015). If mRNA levels of genes that are 
normally paternally expressed are increased, either by expression from maternal alleles or 
through a paternal genome excess, then endosperm cellularisation is perturbed. Without 
endosperm cellularisation, embryo development is unsuccessful (Hehenberger et al., 2012). 
 
 
4.1.2 Inter-genus hybridisation between Arabidopsis and Boechera 
 It has been reported that A. thaliana (2n = 2x = 10; n: gametic chromosome number, 
x: haploid chromosome number) can be crossed with triploid Boechera pinetorum (2n = 3x = 
21) at a low success rate to produce viable four genome, 26 chromosome F1 hybrids (Lohe 
and Perotti, 2012). B. pinetorum is hypothesised to be a trigenomic hybrid containing 
genomes of B. rectissima, B. retrofracta and B. sparsiflora (Windham and Al-Shehbaz, 2007). 
B. pinetorum reproduces by a process called apomixis, or asexual reproduction, which has 
been defined as seed development in the absence of fertilisation of the egg to produce a 
maternal clone (Hand and Koltunow, 2014). Thus, the gametes of apomictic Boechera are 
chromosomally unreduced, that is they are triploid. It is estimated that A. thaliana and B. 
pinetorum shared a common ancestor 13 – 35 million years ago and are considered to be 
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reproductively incompatible (Lohe and Perotti, 2012). If A. thaliana is pollinated with B. 
pinetorum, pollen tube growth occasionally is successful, and on rare occasions the pollen 
tube reaches and inseminates an A. thaliana ovule, demonstrating pre-zygotic barriers can 
on occasion be overcome (Lohe and Perotti, 2012). However, other post-zygotic barriers still 
appear to be present; upon fertilisation developing seed frequently failed to initiate 
endosperm development or were defective in later stages of endosperm development, as 
shown in Lohe and Perotti (2012). 
In A. thaliana, mutations in any FIS PRC2 gene (mea, fis2, fie and msi1) enable 
autonomous endosperm development in the absence of fertilisation (Ohad et al., 1996; 
Chaudhury et al., 1997; Luo et al., 1999; Kohler et al., 2003). FIS PRC2 mutants also perturb 
the timing of endosperm cellularisation, which is a critical stage where post-zygotic 
hybridisation barriers occur (Schatlowski and Kohler, 2012; Tonosaki et al., 2016). FIS PRC2 
mutants are maternal gametophytic lethal, that is they cannot be transmitted maternally to 
progeny, with the unusual exception of homozygous mea and fis2 mutants, which are 
transmitted maternally at a low level (Chaudhury et al., 1997; Luo et al., 1999; Kohler et al., 
2003). Interestingly, one researcher demonstrated that the success rate of forming putative 
inter-genus hybrids between A. thaliana and B. pinetorum can be increased by up to 20 fold 
if the mother carried a heterozygous mea or fis2 mutation (MEA/mea1-1 or FIS2/fis2-1) 
(Table 4.1, Allan Lohe, unpublished). The molecular basis of this result has not been 
determined, nor had the putative hybrids been shown to be genuine hybrids.  
All F1 plants derived from the crosses described above were putative hybrids that had 
not been confirmed molecularly, although the phenotype of all putative hybrids was more 
like the pollen parent than the maternal parent. Furthermore, all hybrids were both male 
and female sterile. Leaf size and quantity of the putative hybrids were significantly larger 
than both parents as shown in Figure 4.1. The efficient generation of inter-genus hybrids is a 
novel frontier in plant science. If this technology could be applied to agriculturally important 
crop plants, it would provide access to a wide range of genetic resources from other genera.  
 In this chapter, putative inter-genus F1 hybrids from the crosses A. thaliana Ler 
MEA/mea1-1 x B. pinetorum and A. thaliana Ler FIS2/fis2-1 x B. pinetorum, will be 
investigated. PCR will be utilised to determine whether at least part of both parental 
genomes is present or not in the putative hybrids. Because PCR techniques only show the 
presence or absence of a small part of a genome, next-generation sequencing will be used to 
ascertain whether or not both parental genomes in their entirety are present. If the hybrids 
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are genuine, further studies will be performed to determine if the mutant or wild type allele 
of MEA/mea1-1 and FIS2/fis2-1 is being inherited. If the putative hybrids are genuine, this 
will provide empirical evidence that mea1-1 and fis2-1 mutations facilitate the generation of 
inter-genus hybrids between A. thaliana and B. pinetorum. 
 
 
Table 4.1 Generation of putative A. thaliana x B. pinetorum inter-genus hybrids. Two mutations in A. thaliana 
Landsberg erecta, mea1-1 and fis2-1, appear to vastly increase the success of forming putative inter-genus 
hybrids. Data provided by Allan Lohe (unpublished). 
 
Cross ♀ × ♂ 
Flowers 
pollinated 
Seeds 
recovered 
Seeds 
germinate 
Putative hybrids 
recovered per 
flower (%) 
A. thaliana Ler x B. pinetorum 78 
8 
(1:10) 
2 
(25%) 
2.6% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 178 
93 
(1:2) 
39 
(42%) 
22% 
(x10 fold) 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 185 
214 
(1:1) 
100 
(47%) 
54% 
(x20 fold) 
 
 
Figure 4.1 Putative A. thaliana x B. pinetorum 
inter-genus hybrids. A. thaliana Landsberg erecta 
(At) compared to B. pinetorum (B) and two 
putative FIS2/fis2-1 inter-genus hybrids (F1 hybrid) 
which are yet to flower. Image provided by Allan 
Lohe (unpublished). 
155 
 
4.1.3 Aims 
 In this chapter, putative inter-genus A. thaliana x B. pinetorum F1 hybrids will be 
investigated. Aims are as follows: 
 
1. Investigate whether A. thaliana Ler MEA/mea1-1 x B. pinetorum and A. thaliana Ler 
FIS2/fis2-1 x B. pinetorum putative F1 hybrids are genuine using PCR.  
 
 If these plants contain DNA from both parents (A. thaliana and B. pinetorum), this 
will indicate that the plants are genuine F1 hybrids. 
 
2. Investigate whether the putative F1 hybrids contain the complete genomes of both A. 
thaliana and Boechera parents via genotyping by sequencing (GBS). 
 
 PCR can only provide evidence for the presence or absence of small parts of the 
genomes of the parents. Therefore, a secondary, more extensive method will also be 
adopted to determine if the F1 hybrids are genuine. GBS surveys a small reproducible 
fraction of a genome by targeted genome digestion and next-generation sequencing. This 
will provide information on the somatic stability of both parental genomes in the hybrids. 
 
3. Determine which allele of the heterozygous MEA/mea1-1 and FIS2/fis2-1 A. thaliana 
mother is being inherited in the F1 hybrids.  
 
 If the putative hybrids are demonstrated to be genuine hybrids, it will also be of 
interest to determine whether the hybrids inherited the wild type or mutant allele from the 
A. thaliana mother. Since mea1-1 and fis2-1 are maternal gametophytic lethal mutations, 
they are predominantly not inherited maternally in A. thaliana. However, the mea1-1 and 
fis2-1 mutants appear to increase the success rate of inter-genus hybrid formation. 
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4.2 Methods 
 
4.2.1 Plant growth, hybrid generation and tissue collection 
A. thaliana Ler x B. pinetorum (♀ x ♂) inter-genus F1 hybrids were generated and 
grown as described by Lohe and Perotti (2012). The hybrids were generously provided by 
Allan Lohe (Australian National University). However, in these experiments, A. thaliana Ler 
contained a heterozygous mutation; either MEA/mea1-1 or FIS2/fis2-1 (Luo et al., 1999). 
Rosette leaves were collected and snap frozen in liquid nitrogen for verification and 
genotyping by sequencing experiments. Note: the species of Boechera used in this chapter 
has been tentatively identified as pinetorum (personal communication between Allan Lohe 
and Ihsan Al-Shehbaz). 
 
  
4.2.2 Confirmation of inter-genus hybrids using a PCR marker 
Two PCR markers were designed, which are listed in Table 4.2. The polymorphic 
nuclear ISOPROPYL MALATE ISOMERASE LARGE SUBUNIT 1 (IIL1) gene was used as a marker 
to test the presence of both A. thaliana and B. pinetorum genomic sequences within the F1 
hybrids. IIL1 (At4G13430) encodes a methylthioalkylmalate isomerase involved in 
glucosinolate biosynthesis. Containing variable numbers of TTC triplet repeats, it is 
distinctively polymorphic in A. thaliana (Sureshkumar et al., 2009). In A. thaliana the IIL1 
marker produces a single 262 bp amplicon, in B. pinetorum IIL1 produces two amplicons 
approximately 420 and 500 bp. The polymorphic chloroplast precursor tRNA gene TRNF was 
used as a marker to trace maternal genome inheritance. TRNF (ATCG00410) is located in a 
polymorphic intergenic region on the chloroplast (Dobes et al., 2004). Being chloroplast 
encoded, TRNF is inherited maternally, produces a single 745 bp amplicon in A. thaliana and 
an approximate 450 bp amplicon in B. pinetorum. 
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Table 4.2 Primers designed and implemented throughout the project. Where appropriate, primers were 
designed to have an approximate Tm of 60°C and an approximate GC content of 50%. Primers were ordered 
from Integrated DNA Technologies (IDT®). 
 
Name Primer Sequence 5’ to 3’ Size 
IIL1 (At4G13430) 
Forward CCTGGTGCTTTTGGTATCTTCAAG 262 bp  
(A. thaliana) Reverse AACAATCTTCTCCGGATCCCAAAC 
TRNF (ATCG00410) 
Forward GGTTCAAGTCCCTCTATCCC 745 bp 
(A. thaliana) Reverse GATTTTCAGTCCTCTGCTCTAC 
fis2-1 sequencing 
(intron-exon6-intron) 
Forward GGGCCATAATCTATGCAGCTCG 
1,389 bp 
Reverse GGGAAAATAACCTTTTAGCCTCGCAC 
GBS 5’ adapter HindIII 
Top GTTCAGAGTTCTACAGTCCGACGATC 59 bp with 
RP1 (+T=60) Bottom 5’Phos/AGCTGATCGTCGGACTGTAGAAC 
GBS 3’ adapter HpaII 
Top 5’Phos/CGTGGAATTCTCGGGTGCCAA 65 bp with 
RPIx (+C=66) Bottom CCTTGGCACCCGAGAATTCCA 
 
 
4.2.3 Genotyping by sequencing 
 A GBS strategy was designed as proposed by Elshire et al. (2011), with some 
optimisation. A custom two restriction endonuclease strategy was designed, as proposed by 
Poland et al. (2012). HindIII (A/AGCTT) and HpaII (C/CGG) were chosen. 5’ and 3’ GBS 
adapters were designed to anneal to HindIII-DNA-HpaII genome fragments (Table 4.2 and 
Figure 4.2). Adapters were designed to contain complementary sequences to Illumina® 
TruSeq™ Small RNA Library Preparation PCR primers RP1 and RPI indices (separately ordered 
through IDT®). These primers were used to selectively amplify and index the HindIII-DNA-
HpaII fragments. GBS libraries were made and gel purified, selecting for 300 – 400 bp (Pippin 
Prep, Sage Science). Paired end sequencing was performed on the Illumina® MiSeq; read 1 
was 250 bp, read 2 was 50 bp.  
GBS reads were analysed through Trait Analysis by aSSociation, Evolution and Linkage 
(TASSEL) (Bradbury et al., 2007; Glaubitz et al., 2014). The genome reference independent 
Universal Network Enabled Analysis Kit (UNEAK) module was also implemented (Lu et al., 
2013). 
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Figure 4.2 Overview of the GBS strategy to analyse A. thaliana x B. pinetorum inter-genus hybrids. Two 
restriction endonucleases, HindIII and HpaII, were chosen to digest the genome for reduced complexity 
sequencing. Custom designed 5’ HindIII and 3’ HpaII adapters contained sequence homology to Illumina® sRNA 
Truseq RP primers. These primers were used to amplify the library to introduce a unique index sequence and 
terminal sequences necessary for the flow cell of the HiSeq 2000.  
 
 
4.2.4 Inheritance of mea1-1 and fis2-1 mutant alleles 
Different strategies were employed to determine the inheritance of the wild-type or 
mutant mea1-1 and fis2-1 alleles in the putative F1 hybrid plants. The mea1-1 allele was 
identified using the dCAPS method outlined in 3.2.2 (Neff et al., 1998). The fis2-1 allele (an 
EMS deletion of a thymine) was identified using Sanger sequencing. PCR primers were 
designed within the introns either side of the exon containing fis2-1 and the 1,389 bp 
amplicon was sequenced with the reverse primer (Table 4.2).  
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4.3 Results 
 
4.3.1 Hybrid genomes confirmed by PCR 
 To test whether the A. thaliana x B. pinetorum F1 hybrids are genuine, two PCR tests 
were performed (Figure 4.3). Firstly, the polymorphic nuclear marker IIL1 was used to test 
for the presence of both A. thaliana and B. pinetorum genomic sequences. 33 F1 hybrids 
were tested; eight A. thaliana Ler MEA/mea1-1 x B. pinetorum and 25 A. thaliana Ler 
FIS2/fis2-1 x B. pinetorum hybrids. Utilising the IIL1 marker, 32/33 of the F1 hybrids 
contained the singular 262 bp A. thaliana amplicon and the two B. pinetorum amplicons, 
approximately 420 and 500 bp. This demonstrates the presence of at least a small part of the 
A. thaliana and B. pinetorum genomes in the putative hybrids. Only one A. thaliana Ler 
MEA/mea1-1 x B. pinetorum F1 hybrid (F1 hybrid #2) contained both B. pinetorum IIL1 
amplicons but not the A. thaliana amplicon. This suggested the plant contained no A. 
thaliana genome and was not a hybrid, likely being B. pinetorum.  
Secondly, maternal inheritance of the A. thaliana genome was tested with the 
polymorphic maternal marker TRNF (chloroplast encoded). Utilising the TRNF marker, all 
33/33 F1 hybrids contained the single 745 bp A. thaliana amplicon but not the 450 bp B. 
pinetorum amplicon. This demonstrated that all F1 hybrids contained an A. thaliana 
chloroplast, consistent with the mother being A. thaliana. Interestingly, this included the 
hybrid that did not produce an A. thaliana IIL1 amplicon (marked with a blue star in Figure 
4.3). The presence of the A. thaliana TRNF amplicon suggests that a maternal genome was 
derived from A. thaliana. Therefore, this plant (F1 hybrid #2) is likely a partial inter-genus 
hybrid. Overall, all 33/33 putative F1 hybrids were demonstrated to contain both A. thaliana 
and B. pinetorum genomic sequences.  
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Figure 4.3 Confirmation that putative A. thaliana x B. pinetorum inter-genus hybrids are genuine hybrids. 
Two polymorphic markers, the nuclear IIL1 and chloroplast TRNF were used to verify the presence of both 
genomes and parent of origin respectively. Two A. thaliana Ler MEA/mea1-1 x B. pinetorum hybrids (#1-#2) 
and three A. thaliana Ler FIS2/fis2-1 x B. pinetorum hybrids (#3-#5) are shown. In A. thaliana the IIL1 marker 
produces a single 262 bp amplicon, in B. pinetorum IIL1 produces two amplicons approximately 420 and 500 
bp. Being chloroplast encoded, TRNF is inherited maternally, produces a single 745 bp amplicon in A. thaliana 
and a 450 bp amplicon in B. pinetorum. New England BioLabs® 100 bp ladder shown for amplicon length 
estimation.  
 
 
4.3.2 Hybrid genomes confirmed and explored via genotyping by 
sequencing 
Inter-genus hybrids are a rare occurrence in nature. PCR can only provide evidence 
for the presence or absence of small parts of the genome of both parents. It cannot 
determine if the genome is complete or stable; inter-genus hybrids can incur chromosomal 
defects (Lohe and Perotti, 2012). To further validate and characterise the inter-genus 
hybrids, a GBS strategy was adopted; a restriction endonuclease mediated genome 
reduction. HindIII (A/AGCTT) was chosen for the 5’ adapter as the sequence recognition 
F1 Hybrids 
#1    #2     #3    #4     #5   
F1 Hybrids 
#1    #2     #3     #4     #5   
   
TRNF polymorphic  
maternal marker 
IIL1 polymorphic 
nuclear marker 
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occurs infrequently in genomes. HpaII (C/CGG) was chosen for the 3’ adapter to avoid 
repetitive sequences that are generally silenced by methylation, as digestion is prevented by 
the presence of a 5-methyl group at the internal C. GBS libraries were created for 52 
samples: three A. thaliana Ler, three A. thaliana Ler MEA/mea1-1, three A. thaliana Ler 
FIS2/fis2-1, six B. pinetorum, four A. thaliana Ler x B. pinetorum control F1 hybrids, eight A. 
thaliana Ler MEA/mea1-1 x B. pinetorum F1 hybrids and 25 A. thaliana Ler FIS2/fis2-1 x B. 
pinetorum F1 hybrids. Each individual library was quantified, equally pooled into a final 
sample that was gel purified (300 - 400 bp) to remove undesired fragments (Figure 4.4).  
 
 
 
Figure 4.4 Pooled genotyping by sequencing libraries of A. thaliana x B. pinetorum inter-genus hybrids. The 
genomes of parents, controls and F1 hybrids were digested with HindIII and HpaII for reduced complexity DNA 
sequencing. Genotyping by sequencing libraries were verified on a 2100 Bioanalyzer with a high sensitive DNA 
chip (Agilent Technologies). (A) Electrophoresis image. (i) Agilent Technologies DNA ladder (fragments range 
from 100 to 7,000 bp). (ii) GBS libraries (all samples pooled). (iii) Gel purification of the GBS libraries, selecting 
for 300 – 400 bp (Pippin Prep, Sage Science). (B) Electropherogram, plotting bp against fluorescence units (FU). 
(i) GBS libraries. (ii) GBS libraries gel purified. A DNA lower marker (35 bp) and upper marker (10 kb) was added 
to all samples for calibration (Agilent Technologies). Adapters and primers add an additional 124 bp to the final 
product.  
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Performing next-generation sequencing on the Illumina® MiSeq, a total 28,602,235 
250 x 50 bp paired reads were generated. Sequencing quality was verified, having ≥ 99.9% 
base call accuracy (Appendix 6.1.2). For all read 1s, 95% started with AGCTT from the HindIII 
sequence and 94% of all read 2s started with CGG from HpaII. Approximately 3% of reads 
appeared to have sequencing error, due to these overrepresented starting sequences. Less 
than 3% of all reads were incorrect, being HindIII-DNA-HindIII or HpaII-DNA-HpaII fragments. 
As read 1 had declining sequencing quality and read 2 was primarily overlap, the paired 
reads were merged into 28,602,235 single reads. The reads were then separated into the 
original 52 samples according to index (reads per sample can be seen in Table 4.3). After 
separating, any adapter sequences were removed leaving sequences of 176 to 276 bp 
lengths. The number of reads per sample ranged from 210,125 to 1,341,175, with the 
median being 496,164. A. thaliana x B. pinetorum F1 hybrid HindIII + HpaII GBS genomic size 
was estimated to be < 7 Mbp (in silico digestion, not shown). Accordingly, up to 350,000 
reads per sample would be required for 10 times coverage, which was achieved for most 
samples. However, the genomic size estimate didn’t account for HpaII methylation 
sensitivity, which is difficult to ascertain. Therefore, it is likely less fragments and higher 
coverage has been achieved. Overall, it was judged sufficient coverage was achieved for the 
experiment and was comparable to other studies (Elshire et al., 2011; Poland et al., 2012). 
As a preliminary analysis, all GBS reads were mapped to the A. thaliana TAIR10 
genomic reference (Table 4.3). As expected, all A. thaliana Ler samples (wild type, 
MEA/mea1-1 or FIS2/fis2-1) had a high percentage of reads mapped, ranging from 89 – 94%. 
B. pinetorum samples had the lowest percentages of reads mapped, ranging from 61 to 65%. 
However, the majority of B. pinetorum non-mapped reads appeared high quality non-
repetitive sequences; it was predicted that ≥ 20% of the non-mapped reads were from 
chromosomes and/or genome sequences not present within the A. thaliana genome. These 
reads were unique to the B. pinetorum genome, being sequences that have considerably 
diverged from A. thaliana, or are not conserved in A. thaliana. A. thaliana Ler x B. pinetorum 
F1 hybrid samples (control hybrids, no mutant allele) had a range of 74 – 76% mapped reads. 
Interestingly, A. thaliana Ler MEA/mea1-1 x B. pinetorum and A. thaliana Ler FIS2/fis2-1 x B. 
pinetorum F1 hybrid samples had higher variability of mapped reads at 65 – 75% and 66 – 
76% respectively. However, all F1 hybrid samples had less reads mapped than A. thaliana Ler 
samples but more than B. pinetorum samples. Further investigation revealed all F1 hybrids 
contained reads with genomic sequences from both A. thaliana and B. pinetorum. The 
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presence of A. thaliana genomic sequences that were not detected in B. pinetorum 
increased the proportion of mapped reads in F1 hybrids. These reads mapped across all A. 
thaliana nuclear, chloroplast and mitochondrial genomes. This suggested that the all F1 
hybrids had complete A. thaliana genomes. The F1 hybrids also contained many unannotated 
reads that could not be mapped which were all present in B. pinetorum. It was also 
perceived that all F1 hybrids contain a complete B. pinetorum genome. Overall, this was 
further confirmation that the F1 hybrids contained both A. thaliana and B. pinetorum 
genomes. 
 
 
Table 4.3 Mapping of GBS reads to A. thaliana Col-0 TAIR10 genomic reference. The GBS reads of samples 
from parents, controls and F1 hybrids were independently mapped to TAIR10. The total number of reads that 
were mapped and non-mapped was calculated. Many reads from B. pinetorum and F1 hybrid samples did not 
map; a limitation of the TAIR10 reference genome being used in the absence of a B. pinetorum genome.  
 
Sample Mapped reads 
Non-mapped 
reads 
Total reads % mapped 
A. thaliana Ler 1 722,252 61,442 783,694 92% 
A. thaliana Ler 2 325,259 23,059 348,318 93% 
A. thaliana Ler 3 422,943 29,016 451,959 94% 
A. thaliana Ler MEA/mea1-1 1 605,967 53,912 659,879 92% 
A. thaliana Ler MEA/mea1-1 2 418,399 41,128 459,527 91% 
A. thaliana Ler MEA/mea1-1 3 489,250 41,793 531,043 92% 
A. thaliana Ler FIS2/fis2-1 1 442,840 34,873 477,713 93% 
A. thaliana Ler FIS2/fis2-1 2 459,180 57,333 516,513 89% 
A. thaliana Ler FIS2/fis2-1 3 483,851 55,980 539,831 90% 
B. pinetorum 1 345,841 203,200 549,041 63% 
B. pinetorum 2 299,585 195,188 494,773 61% 
B. pinetorum 3 213,922 117,022 330,944 65% 
B. pinetorum 4 455,540 255,464 711,004 64% 
B. pinetorum 5 586,379 309,677 896,056 65% 
B. pinetorum 6 573,918 311,622 885,540 65% 
A. thaliana Ler x B. pinetorum (control) 1 697,062 248,491 945,553 74% 
A. thaliana Ler x B. pinetorum (control) 2 483,716 164,176 647,892 75% 
A. thaliana Ler x B. pinetorum (control) 3 362,075 128,741 490,816 74% 
A. thaliana Ler x B. pinetorum (control) 4 935,722 288,564 1,224,286 76% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 1 328,991 164,027 493,018 67% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 2 484,119 160,170 644,289 75% 
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A. thaliana Ler MEA/mea1-1 x B. pinetorum 3 292,616 131,711 424,327 69% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 4 327,620 178,826 506,446 65% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 5 372,745 153,285 526,030 71% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 6 365,703 131,852 497,555 74% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 7 276,802 141,202 418,004 66% 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 8 314,525 169,137 483,662 65% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 1 214,609 96,194 310,803 69% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 2 339,027 119,304 458,331 74% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 3 336,327 135,314 471,641 71% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 4 726,835 262,729 989,564 73% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 5 1,022,512 318,663 1,341,175 76% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 6 242,226 96,884 339,110 71% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 7 340,776 173,137 513,913 66% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 8 190,820 82,404 273,224 70% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 9 218,516 84,642 303,158 72% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 10 421,220 142,587 563,807 75% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 11 281,740 127,490 409,230 69% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 12 386,763 135,607 522,370 74% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 13 270,782 127,896 398,678 68% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 14 471,970 165,483 637,453 74% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 15 726,388 231,149 957,537 76% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 16 466,786 184,331 651,117 72% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 17 390,490 177,743 568,233 69% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 18 247,335 105,346 352,681 70% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 19 144,336 67,767 212,103 68% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 20 140,279 69,846 210,125 67% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 21 213,785 78,790 292,575 73% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 22 297,440 129,978 427,418 70% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 23 323,185 146,015 469,200 69% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 24 284,841 111,929 396,770 72% 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 25 428,613 165,693 594,306 72% 
Total: 52 samples, 28,602,235 reads. 
Read lengths: 176 – 276 bp. 
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To further explore the hybrid genomes, GBS reads were analysed by the TAIR10 
genome guided Trait Analysis by aSSociation, Evolution and Linkage (TASSEL) (Bradbury et 
al., 2007; Glaubitz et al., 2014). However, as B. pinetorum and the F1 hybrids have many 
reads that cannot be mapped to TAIR10, the genome reference independent TASSEL 
Universal Network Enabled Analysis Kit (UNEAK) module was also implemented (Lu et al., 
2013). For both methods, the SNPs discovered are summarised in Table 4.4.  
The TASSEL GBS pipeline identified 2,363 SNPs across 46 samples (Figure 4.5). The six 
B. pinetorum paternal samples were filtered by the pipeline, not meeting the minimum 
number of called SNPs for each sample (all having < 1,000 SNPs). This was a limitation of the 
genome guided TASSEL GBS; approximately 45% of B. pinetorum sequences cannot be 
mapped to TAIR10. Overall, the majority of SNPs identified were homozygous, being more 
than four times more abundant than heterozygous SNPs. A. thaliana Ler and all F1 hybrids 
had a similar number of SNPs (approximately 2,000), many being the natural SNP difference 
between Col-0 TAIR10 and Ler. Again, this was a limitation of the genome guided TASSEL 
GBS. In each sample, reads at centromere regions could not be consistently mapped and 
appeared as vertical white stretches in the heat map. Interestingly, one particular hybrid, A. 
thaliana Ler MEA/mea1-1 x B. pinetorum #8, had many nucleotides that were missing on 
chromosome 4 (white horizontal patch), which were homozygous SNPs in Ler controls. 
Further inspection revealed an absence of any reads past position 3,952,414 of the 25 Mb 
chromosome 4. The preceding 0 - 3,952,413 had reads, however was found to be a rDNA 
repeat region with similarity to chromosome 2 (Hosouchi et al., 2002). Therefore it was 
concluded that chromosome 4 had been deleted. This was consistent with A. thaliana Ler 
MEA/mea1-1 x B. pinetorum #8 having the lowest number of reads mapped to TAIR10 and 
the least SNPs identified, when compared to all other F1 hybrids. Lastly, it was this hybrid 
that was missing the A. thaliana IIL1 amplicon in previous tests (Figure 4.3, F1 hybrid #2), 
which is located on chromosome 4. 
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Table 4.4 TASSEL and TASSEL UNEAK GBS identified SNPs in A. thaliana x B. pinetorum inter-genus hybrids. 
Using TASSEL GBS, a total 2,363 SNPs were identified across 46 samples. The analysis was A. thaliana Col-0 
TAIR10 genome guided and the six B. pinetorum samples did not meet the minimum number of called SNPs for 
further analysis. Using TASSEL UNEAK GBS, a total 18,241 SNPs were identified across all 52 samples. The 
analysis was genome independent, assembling stacks of similar 64mers to detect SNPs within them. Homoz. = 
homozygous, Heteroz. = heterozygous.  
 
Sample 
TASSEL GBS TASSEL UNEAK GBS 
Homoz. 
SNPs 
Heteroz. 
SNPs 
Total 
Homoz. 
SNPs 
Heteroz. 
SNPs 
Total 
A. thaliana Ler 1 1,678 388 2,066 3,770 411 4,181 
A. thaliana Ler 2 1,803 207 2,010 3,007 196 3,203 
A. thaliana Ler 3 1,769 269 2,038 3,403 243 3,646 
A. thaliana Ler MEA/mea1-1 1 1,725 281 2,006 3,730 397 4,127 
A. thaliana Ler MEA/mea1-1 2 1,742 238 1,980 3,194 309 3,503 
A. thaliana Ler MEA/mea1-1 3 1,778 235 2,013 3,485 308 3,793 
A. thaliana Ler FIS2/fis2-1 1 1,782 210 1,992 3,290 303 3,593 
A. thaliana Ler FIS2/fis2-1 2 1,773 242 2,015 3,451 363 3,814 
A. thaliana Ler FIS2/fis2-1 3 1,781 270 2,051 3,468 401 3,869 
B. pinetorum 1 407 31 438 2,590 4,266 6,856 
B. pinetorum 2 391 26 417 2,485 4,115 6,600 
B. pinetorum 3 274 20 294 2,205 3,523 5,728 
B. pinetorum 4 556 46 602 3,043 2,029 5,072 
B. pinetorum 5 590 46 636 3,118 2,309 5,427 
B. pinetorum 6 612 46 658 3,158 2,625 5,783 
A. thaliana Ler x B. pinetorum (control) 1 1,787 302 2,089 4,966 4,832 9,798 
A. thaliana Ler x B. pinetorum (control) 2 1,805 256 2,061 4,512 4,256 8,768 
A. thaliana Ler x B. pinetorum (control) 3 1,790 219 2,009 4,713 3,364 8,077 
A. thaliana Ler x B. pinetorum (control) 4 1,645 372 2,017 6,426 2,410 8,836 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 1 1,806 139 1,945 4,001 3,708 7,709 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 2 1,766 175 1,941 4,194 3,638 7,832 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 3 1,742 137 1,879 3,964 3,257 7,221 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 4 1,700 162 1,862 4,095 3,392 7,487 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 5 1,760 147 1,907 4,053 3,435 7,488 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 6 1,658 128 1,786 3,757 2,764 6,521 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 7 1,622 161 1,783 4,558 826 5,384 
A. thaliana Ler MEA/mea1-1 x B. pinetorum 8 1,494 87 1,581 4,337 997 5,334 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 1 1,677 90 1,767 4,318 1,087 5,405 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 2 1,637 106 1,743 5,754 2,145 7,899 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 3 1,687 155 1,842 5,902 2,298 8,200 
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A. thaliana Ler FIS2/fis2-1 x B. pinetorum 4 1,669 259 1,928 6,002 3,804 9,806 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 5 1,678 320 1,998 5,800 4,822 10,622 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 6 1,671 115 1,786 5,200 1,508 6,708 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 7 1,572 70 1,642 4,086 1,107 5,193 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 8 1,637 84 1,721 4,983 1,166 6,149 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 9 1,664 86 1,750 5,306 1,233 6,539 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 10 1,700 150 1,850 5,729 2,437 8,166 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 11 1,650 139 1,789 5,921 1,842 7,763 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 12 1,656 152 1,808 5,831 2,415 8,246 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 13 1,652 129 1,781 5,691 1,906 7,597 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 14 1,706 212 1,918 5,953 3,157 9,110 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 15 1,663 292 1,955 6,109 4,168 10,277 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 16 1,693 211 1,904 6,158 2,858 9,016 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 17 1,663 135 1,798 5,486 1,627 7,113 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 18 1,703 102 1,805 5,593 1,701 7,294 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 19 1,646 59 1,705 5,026 1,135 6,161 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 20 1,634 62 1,696 4,839 947 5,786 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 21 1,674 77 1,751 5,116 1,403 6,519 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 22 1,682 118 1,800 5,840 1,952 7,792 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 23 1,686 109 1,795 4,851 1,485 6,336 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 24 1,715 101 1,816 4,777 1,585 6,362 
A. thaliana Ler FIS2/fis2-1 x B. pinetorum 25 1,700 150 1,850 4,672 1,477 6,149 
Total SNPs for 52 samples: 2,363 18,241 
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Figure 4.5 TASSEL GBS identified SNPs in A. thaliana x B. pinetorum inter-genus hybrids. A total 2,363 SNPs 
were identified across 46 samples. Analysis was A. thaliana Col-0 TAIR10 genome guided and six B. pinetorum 
samples did not meet the minimum number of called SNPs. SNPs are displayed as a heat map whereby red 
represents homozygous alternate nucleotides and yellow represents heterozygous nucleotides. Reference 
nucleotide calls and absent nucleotides (not sequenced, not mapped or not present) remain white. SNPs are 
ordered by chromosome (Chr1-5), chloroplast (C) and mitochondria (M). Relatively few GBS reads were 
obtained from centromere regions and these poorly mapped (seen as vertical white bases at approximate SNPs 
200, 600, 1,300, 1,400 and 1,900). At.Ler = A. thaliana Ler, At.mea1.1Het = A. thaliana Ler MEA/mea1-1, 
At.fis2.1Het = A. thaliana Ler FIS2/fis2-1, AtxBp.CtrlHybrid = A. thaliana Ler x B. pinetorum (control hybrid, no 
mutant allele), At.meaxBp = A. thaliana Ler MEA/mea1-1 x B. pinetorum, AtfisxBp = A. thaliana Ler FIS2/fis2-1 x 
B. pinetorum.  
 
 
Chr1    Chr2     Chr3                Chr4  Chr5           C    M 
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To overcome limitations from a genome guided TASSEL GBS, the genome 
independent TASSEL UNEAK GBS pipeline was implemented for a comparison (Figure 4.6). 
Assembling stacks of similar 64 bp fragments to detect SNPs within them, the TASSEL UNEAK 
GBS pipeline identified 18,241 SNPs across all 52 samples (includes the six B. pinetorum 
paternal samples). Using this pipeline, many more SNPs were identified than the genomic 
difference between A. thaliana Col-0 and Ler ecotypes and included many novel B. 
pinetorum reads. A. thaliana Ler samples had 3,503 - 4,181 SNPs, B. pinetorum had 5,072 - 
6,856 SNPs and the F1 hybrids had 5,334 - 10,622 SNPs. The majority of SNPs were 
homozygous except for B. pinetorum samples, which had a relatively equal abundance of 
homozygous and heterozygous SNPs. Many B. pinetorum, control F1 hybrids and mea1-1 F1 
hybrids shared the same heterozygous SNPs, as seen by yellow shading patterns. In addition 
to previously noted A. thaliana Ler MEA/mea1-1 x B. pinetorum #8, A. thaliana Ler 
MEA/mea1-1 x B. pinetorum #7, A. thaliana Ler FIS2/fis2-1 x B. pinetorum #1, #7 and #20 
appeared to have partial chromosome deletions and/or rearrangements. This could be in 
either the maternal or paternal genome. Although no complete deletion of an A. thaliana 
chromosome was detected for these samples, it is possible that a complete B. pinetorum 
chromosome was deleted. However, without a B. pinetorum genomic reference, this could 
not be accurately determined.  
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Figure 4.6 TASSEL UNEAK GBS identified SNPs in A. thaliana x B. pinetorum inter-genus hybrids. A total 
18,241 SNPs were identified across all 52 samples. Analysis is genome independent, assembling stacks of 
similar 64mers to detect SNPs within them. SNPs are displayed as a heat map whereby red represents 
homozygous alternate nucleotides and yellow represents heterozygous nucleotides. Reference nucleotide calls 
and absent nucleotides (not sequenced, not mapped or not present) remain white. At.Ler = A. thaliana Ler, 
At.mea1.1Het = A. thaliana Ler MEA/mea1-1, At.fis2.1Het = A. thaliana Ler FIS2/fis2-1, Bp = B. pinetorum, 
AtxBp.CtrlHybrid = A. thaliana Ler x B. pinetorum (control hybrid, no mutant allele), At.meaxBp = A. thaliana Ler 
MEA/mea1-1 x B. pinetorum, AtfisxBp = A. thaliana Ler FIS2/fis2-1 x B. pinetorum. 
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To investigate the genomic similarities between all samples sequenced, SNPs 
identified by TASSEL (2,363) and TASSEL UNEAK (18,241) GBS pipelines were used to 
construct hierarchical clustering dendrograms (Figures 4.7 and 4.8 respectively). Both 
dendrograms were further confirmation that the hybrid samples are true A. thaliana x B. 
pinetorum F1 hybrids. Analysing the TASSEL GBS dendrogram, there were three distinct 
clades; B. pinetorum samples, A. thaliana Ler samples (wild type and heterozygous mutants) 
and A. thaliana x B. pinetorum F1 hybrid samples (wild type and mutant alleles). The B. 
pinetorum clade was the most distant, being the highest hierarchical cluster, having the least 
similarity to any other sample. A. thaliana Ler samples were the next highest in the 
hierarchical clustering, in between B. pinetorum samples and the F1 hybrid samples. Within 
the clade of F1 hybrid samples, genomic divergence was observed amongst the hybrids. 
Interestingly, there was a clade comprised of four (of eight total) A. thaliana Ler MEA/mea1-
1 x B. pinetorum and three (of four) A. thaliana Ler x B. pinetorum (control hybrid, no mutant 
allele) F1 hybrids. These samples were highly similar to each other and divergent from A. 
thaliana Ler FIS2/fis2-1 x B. pinetorum F1 hybrids. Similarly, there were clades consisting 
solely of similar A. thaliana Ler FIS2/fis2-1 x B. pinetorum hybrids. A. thaliana Ler 
MEA/mea1-1 x B. pinetorum #8, which has chromosome 4 deleted, was amongst the hybrid 
samples the most divergent from A. thaliana Ler samples. Nevertheless, all hybrids displayed 
a higher similarity to A. thaliana Ler samples than to B. pinetorum samples. This was 
unexpected as F1 hybrids contain five maternal A. thaliana chromosomes and 21 paternal B. 
pinetorum chromosomes. However, the TAIR10 genome guided TASSEL GBS is limited by 
neglecting novel B. pinetorum sequences.  
 Analysing the genome independent TASSEL UNEAK GBS dendrogram, F1 hybrid 
samples displayed a higher similarity to B. pinetorum samples than A. thaliana Ler samples, 
as expected (larger B. pinetorum genome). In this dendrogram, many more clades were 
formed from the increased SNPs identified from novel B. pinetorum sequences. Generally, B. 
pinetorum samples were the highest in the hierarchical clustering, followed by numerous 
clades of F1 hybrids and the dendrogram terminating with A. thaliana Ler samples. Many A. 
thaliana Ler FIS2/fis2-1 x B. pinetorum samples were very similar to B. pinetorum samples; in 
particular, A. thaliana Ler FIS2/fis2-1 x B. pinetorum #11, suggesting partial deletion and/or 
rearrangement of A. thaliana chromosomes. This is also a possibility for previously predicted 
candidate A. thaliana Ler FIS2/fis2-1 x B. pinetorum #1. Although most F1 hybrid samples 
were highly similar to B. pinetorum samples, a minority showed higher similarity to A. 
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thaliana Ler samples. In particular, A. thaliana Ler MEA/mea1-1 x B. pinetorum #7 and A. 
thaliana Ler x B. pinetorum #3, which suggests partial deletion and/or rearrangement of B. 
pinetorum chromosomes. This is also a possibility for the previously predicted candidate A. 
thaliana Ler FIS2/fis2-1 x B. pinetorum #7. Peculiarly, A. thaliana Ler MEA/mea1-1 x B. 
pinetorum #8, which has a deletion of A. thaliana chromosome 4, was more similar to A. 
thaliana Ler samples than to B. pinetorum samples. Although this was unexpected, it is 
possible that deletion and/or rearrangement of B. pinetorum chromosomes has also 
occurred. Supporting this is the lack of conserved sequences of A. thaliana chromosome 4 
from the B. pinetorum genome; conceivably the same genomic loci have been deleted in the 
B. pinetorum genome. Indeed, conserved sequences between A. thaliana and B. pinetorum 
genomes could be masking the identification of deleted chromosomes in other F1 hybrids. 
Lastly, regarding all A. thaliana Ler samples, A. thaliana Ler, A. thaliana Ler MEA/mea1-1 and 
A. thaliana Ler FIS2/fis2-1, samples shared high similarity between biological replicates and 
to each other, as would be expected.  
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Figure 4.7 TASSEL GBS dendrogram of A. 
thaliana x B. pinetorum inter-genus hybrids. 
A total 2,363 SNPs were identified using the 
TASSEL GBS pipeline, which were used to 
construct a dendrogram. At.Ler = A. thaliana 
Ler, At.mea1.1Het = A. thaliana Ler 
MEA/mea1-1, At.fis2.1Het = A. thaliana Ler 
FIS2/fis2-1, Bp = B. pinetorum, 
AtxBp.CtrlHybrid = A. thaliana Ler x B. 
pinetorum (control hybrid, no mutant allele), 
At.meaxBp = A. thaliana Ler MEA/mea1-1 x 
B. pinetorum, AtfisxBp = A. thaliana Ler 
FIS2/fis2-1 x B. pinetorum.  
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Figure 4.8 TASSEL UNEAK GBS dendrogram 
of A. thaliana x B. pinetorum inter-genus 
hybrids. A total 18,241 SNPs were identified 
using the TASSEL UNEAK GBS pipeline, which 
were used to construct a dendrogram. At.Ler 
= A. thaliana Ler, At.mea1.1Het = A. thaliana 
Ler MEA/mea1-1, At.fis2.1Het = A. thaliana 
Ler FIS2/fis2-1, Bp = B. pinetorum, 
AtxBp.CtrlHybrid = A. thaliana Ler x B. 
pinetorum (control hybrid, no mutant allele), 
At.meaxBp = A. thaliana Ler MEA/mea1-1 x 
B. pinetorum, AtfisxBp = A. thaliana Ler 
FIS2/fis2-1 x B. pinetorum. Stars denote F1 
hybrids that potentially have chromosomal 
deletions, insertions and/or rearrangements. 
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4.3.3 Most hybrids inherit the mea1-1 or fis2-1 mutant alleles 
To determine if the mutant alleles, mea1-1 and fis2-1 are being inherited in the F1 
inter-genus hybrids, a dCAPS and Sanger sequencing strategy was designed, respectively 
(Figure 4.9). The dCAPS was designed to introduce a HinfI site in the wild type MEA amplicon 
but not the mutant mea1-1 amplicon (269 bp). It was found that seven of eight A. thaliana 
MEA/mea1-1 x B. pinetorum F1 hybrids retained the 269 bp mutant dCAPS fragment after 
digestion, as HinfI did not recognise the site where the mea1-1 mutation is. These seven F1 
hybrids had inherited the mea1-1 allele. One hybrid was susceptible to HinfI digestion, 
similar to the three control F1 hybrids (wild type crosses, not shown), indicating inheritance 
of the wild type MEA allele. This was consistent with the low level of inter-genus hybrid 
formation that occurs when the Ler mother is wild-type (Lohe and Perotti, 2012) 
 To determine if the fis2-1 allele is being inherited, the exon containing fis2-1 was 
amplified and the 1,389 bp fragment subjected to Sanger sequencing with the reverse 
primer. A total of 23/25 A. thaliana FIS2/fis2-1 x B. pinetorum F1 hybrids inherited fis2-1, as 
the sequencing detected the thymine deletion (3’-TTGGT-5’). Two hybrids inherited the wild 
type FIS2 (3’-TTAGG-5’), similar to the three control F1 hybrids (wild type crosses, not 
shown). Once again, the low frequency of wild type allele transmission was observed. 
Overall, inheritance rate of mea1-1 (88%) and fis2-1 (92%) was much higher than the 
expected 50% (heterozygous A. thaliana). This suggests that mea1-1 and fis2-1 facilitate the 
formation of A. thaliana x B. pinetorum inter-genus hybrids. This was an unexpected and 
exciting result as mea and fis2 mutants are maternal gametophytic lethal.  
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Figure 4.9 Determination of mutant allele inheritance in A. thaliana 
x B. pinetorum inter-genus hybrids. (A) The mea1-1 allele (an EMS 
cytosine to thymine mutation) was confirmed utilising derived 
cleaved amplified polymorphic sequences (dCAPS) (Neff et al., 1998). 
Primers were designed with a single mismatch in the forward primer 
to introduce a HinfI site in the 269 bp amplicon. HinfI (G/ANTC) 
recognises the wild type allele GAATC but not the mutant allele 
GAATT, producing two smaller fragments: 236 and 33 bp. PCR 
amplicons were digested with HinfI prior to running on a MultiNA 
Microchip Electrophoresis System (Shimadzu). (B) The fis2-1 allele (an 
EMS deletion of a thymine) was confirmed using Sanger sequencing. 
PCR primers were designed within the introns either side of the exon 
containing fis2-1 and the 1,389 bp amplicon was sequenced with the 
reverse primer. Wild type allele TTAGG, heterozygote TTRGG, mutant 
TTGGT and no amplicon in B. pinetorum. R = purine (A and G). 
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4.4 Discussion 
 
4.4.1 Hybrid genomes confirmed 
 In this chapter, putative F1 hybrids between A. thaliana Ler and B. pinetorum were 
confirmed and further investigated. All F1 hybrids contained A. thaliana and B. pinetorum 
genomic sequences, despite at least one hybrid having a confirmed chromosome deletion. 
More than 90% of F1 hybrids created with a maternal A. thaliana Ler MEA/mea1-1 or 
FIS2/fis2-1 were confirmed to inherit the mutant allele (30/33). The data suggest that the 
mutations mea1-1 and fis2-1 partially alleviate post-zygotic hybridisation barriers between 
A. thaliana and B. pinetorum. To date, research into successful inter-genus hybrid formation 
is largely unexplored. 
F1 hybrids that had all three IIL1 amplicons confirmed the presence of A. thaliana and 
B. pinetorum genomic sequences. Furthermore, GBS confirmed the presence of complete A. 
thaliana and B. pinetorum genomes in most F1 hybrids. Overall, A. thaliana Ler x B. 
pinetorum F1 hybrids that formed appeared to predominantly have stable genomes. 
However, it is clear from the data that some hybrids have chromosomal changes. In one 
hybrid, the IIL1 marker did not produce an A. thaliana amplicon, suggesting a false-positive 
B. pinetorum, yet the TRNF marker demonstrated a maternal A. thaliana. IIL1 is located on 
chromosome 4, on the upper half of the long (q) arm and one explanation for the lack of an 
amplicon is deletion, insertion or rearrangement at this locus. However, GBS revealed this 
was caused by deletion of the maternal A. thaliana chromosome 4, which has occurred at 
some stage before or during hybrid development. However, this chromosome deletion was 
not common among all F1 hybrids and specific deletion of chromosome 4 was not a 
reproducible phenomenon. In GBS identified SNPs and dendrograms, genomic variance was 
seen between other hybrids. The 2,363 - 18,241 SNPs identified by GBS are likely responsible 
for the phenotypic defects that are seen in early development of the hybrids (Lohe and 
Perotti, 2012). This was more genotypic and phenotypic variation than expected, as the B. 
pinetorum parents were maternal clones generated by apomixis and therefore genetically 
identical. Furthermore, in very low frequency, partial hybrids were observed by Lohe and 
Perotti (2012), demonstrating the combining of the vastly different genomes is not perfect. 
As a small frequency (approximately 10%) of F1 hybrids had higher genomic similarity to 
either A. thaliana or B. pinetorum than other F1 hybrids, it is possible these are partial 
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hybrids with deleted or rearranged chromosomes. Another possible explanation is that in 
the absence of FIS PRC2 mediated H3K27me3 of target genes, including TEs, widespread 
genomic de-regulation and TE transposition is occurring, creating genomic disorder or 
instability (Gehring et al., 2009). This may be an undesirable side-effect in addition to 
alleviating post-zygotic barriers.  
 
 
4.4.2 mea1-1 and fis2-1 partially alleviate post-zygotic hybridisation 
barriers 
In this chapter, it was confirmed that the mutations mea1-1 and fis2-1 (when carried 
by the A. thaliana mother) facilitate reproducible generation of genuine A. thaliana x B. 
pinetorum inter-genus hybrids. This was an unexpected and exciting result as mea and fis2 
mutants are maternal gametophytic lethal (Chaudhury et al., 1997; Luo et al., 1999). 
Currently, it is unknown how the inheritance of mea1-1 and fis2-1 is being rescued in the F1 
hybrids. This could be an effect of the B. pinetorum genome or epigenome. Alternatively, it 
may be an effect of the genomic imbalance, particularly a paternal genomic excess. Given 
that mea1-1 and fis2-1 are being successfully transmitted, it is possible that an autonomous 
endosperm has initiated and stabilized to nourish the hybrid genome, although this has not 
been determined. Currently, it is unknown how mea1-1 and fis2-1 are partially alleviating 
post-zygotic hybridisation barriers between A. thaliana and B. pinetorum.  
Both MEA and FIS are components of the endosperm specific FIS PRC2, which 
regulates genomic dosage imbalances in the endosperm (Mozgova and Hennig, 2015; 
Rodrigues and Zilberman, 2015). Interploidy crosses demonstrate dosage imbalances have 
differing effects based on the parental excess (Scott et al., 1998). A maternal genomic excess 
can give rise to viable seeds, whereas a paternal excess leads to predominate seed abortion 
as the endosperm fails to cellularise (Scott et al., 1998; Josefsson et al., 2006; Nowack et al., 
2007; Kradolfer et al., 2013a). As the F1 hybrids are four genome plants, there is a genomic 
paternal excess (one A. thaliana: three B. pinetorum). Many studies have shown that a 
paternal excess has a negative effect on seed development, as FIS PRC2 target genes 
become de-regulated and inhibit endosperm cellularisation. For instance, AGAMOUS-LIKE 62 
(AGL62) is a negative regulator of endosperm cellularisation (Kang et al., 2008) and fis2 
mutations cause increased AGL62 expression that causes endosperm cellularisation failure 
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(Hehenberger et al., 2012). Similarly, the paternally expressed genes PHERES1 (Josefsson et 
al., 2006) and ADMETOS (Kradolfer et al., 2013b) exhibit FIS PRC2 de-regulation under 
paternal genome excess (increased maternal allele expression) that contributes to hybrid 
seed death through endosperm failure. Both have an expected role in regulating the 
expression of AGL genes. Recent studies have identified more paternally expressed genes 
involved, with a likely role in increasing up-regulation of pectin degradation genes that 
prevent endosperm cellularisation (Wolff et al., 2015). In genomic imbalances, these genes, 
among others, become deregulated due to the failure of the FIS PRC2. This could be due to 
limited transcript levels of MEA and FIS2 (Erilova et al., 2009). Both MEA and FIS2 are 
maternally expressed (Kinoshita et al., 1999; Luo et al., 1999; Vielle-Calzada et al., 1999) and 
the maternal MEA has high specificity to silence (auto regulate) the paternal MEA over other 
targets (Erilova et al., 2009). In paternal genomic excess hybrids, the FIS PRC2 is able to 
maintain paternal MEA imprinting, however fails to regulate other targets. In the absence of 
a functional FIS PRC2, it could be assumed that endosperm cellularisation and thus seed 
development would not be successful. However, this is not the case; unknown factors 
outside FIS PRC2 activity can supress de-regulated imprinted genes. 
Alternatively, it is possible that the hybrids are developing with an autonomous, 
diploid endosperm, which has no paternal contribution. A similar phenomenon has been 
demonstrated in experiments that have utilised mutations in the cell-cycle regulator CYCLIN 
DEPENDENT KINASE A;1 (CDKA;1) (Nowack et al., 2007; Shirzadi et al., 2011). Heterozygous 
CDKA;1/cdka;1-1 mutants perturb the second pollen mitosis, whereby pollen can 
successfully fertilise the egg cell, however fertilisation of the central cell is unsuccessful 
(Iwakawa et al., 2006; Nowack et al., 2006). Although a second mutant sperm cell is 
delivered to the central cell, successful fertilisation does not occur; karyogamy does not take 
place and the central cell remains diploid (Aw et al., 2010). However, endosperm 
proliferation does occur. Subsequent seed development also occurs, however, the 
endosperm remains under-developed which leads to seed abortion. Interestingly, crossing a 
homozygous mea/mea mutant with CDKA;1/cdka;1-1 rescues seed development; a viable 
seed is produced from a diploid endosperm (Nowack et al., 2007). It remains unknown how 
this rescue occurred. CDKA;1/cdka;1-1 fertilised seeds have approximately 600 genes 
significantly decreased in expression in the absence of a paternal genome, including 
imprinted MADS-box transcription factors (Shirzadi et al., 2011). It is possible that a diploid 
endosperm has supported the inter-genus embryo, whereby paternally expressed genes that 
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limit hybridisation are not present. For future study, it would be highly beneficial to 
investigate the ploidy level of the endosperm and monitor endosperm development. 
 To date, there have been no reports of mea and fis2 mutations alleviating post-
zygotic hybridisation barriers. However, utilising met1 pollen in interploidy hybridisation 
experiments, Schatlowski et al. (2014) produced a high frequency of viable triploid seeds 
with a tetraploid endosperm. In these experiments, where the tetraploid endosperm is 
under increased paternal dosage, paternal CG hypomethylation bypasses the interploidy 
hybridization barrier, as deregulated FIS PRC2 target genes are repressed by de novo 
methylation (Schatlowski et al., 2014). Accordingly, the study suggests a functional FIS PRC2 
is not required for interploidy hybridisation as other epigenetic modifications can substitute 
FIS PRC2 activity. Similarly, other studies demonstrate that hypomethylated pollen avoids 
mea1-1 and fis2-1 seed arrest, whereby a maternal FIS PRC2 is not required (Luo et al., 
2000). Therefore, methylation also controls some genes that have key roles in seed 
development. Furthermore, exacerbation of de-regulated paternally imprinted genes can be 
combated by adopting other forms of regulation outside FIS PRC2 activity. 
Another hypothesis is that lncRNAs have roles in alleviating post-zygotic hybridisation 
barriers. For instance, lncRNAs may potentially impose regulation by de novo DNA 
methylation. Pol IV and Pol V lncRNAs are integral components of the RdDM pathway 
(Wierzbicki et al., 2008; Li et al., 2015a). Other lncRNAs have novel regulatory mechanisms 
that can influence a 5 kb locus (Ariel et al., 2014). From Chapter Three, it was discovered 
that mea and fis2 mutations contain over 800 lncRNAs in siliques that cannot be detected in 
other ecotypes, crosses or other studies. mea and fis2 mutations also induced significant 
changes in the expression of over 500 lncRNAs. In Chapter Two, lncRNAs were identified that 
are potentially imprinted. Investigation of lncRNAs in post-zygotic hybridisation barriers is 
unexplored and a long term aim of this project. 
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4.4.3 Conclusions 
In this chapter, 33 putative F1 hybrids between A. thaliana Ler and B. pinetorum were 
confirmed by PCR and GBS. All putative hybrids tested containing the genomes of both 
parents. The F1 hybrid genomes were predominantly stable, however one hybrid had a 
confirmed deletion of an A. thaliana chromosome. More than 90% of the F1 hybrids were 
confirmed to inherit the mutant mea1-1 or fis2-1 allele. Overall the data implies that the 
mutations mea1-1 and fis2-1 are responsible for partially alleviating hybridisation barriers 
between A. thaliana and B. pinetorum. How this occurs is relatively unknown, but is an 
exciting phenomenon for further research.  
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CHAPTER FIVE: General discussion 
 
5.1 General discussion 
 
5.1.1 A myriad of novel lncRNAs identified in developing siliques  
In this research project, thousands of lncRNAs were reproducibly identified in 1 DAP 
A. thaliana siliques, a tissue which has not been investigated for lncRNAs in any other study. 
Underpinning this was a targeted approach of rRNA depletion to retain non-adenylated 
transcripts and directional RNA-seq to identify antisense transcripts. Relative to protein 
coding genes, the lncRNAs identified fell into four classes: intergenic, antisense exonic, sense 
intronic and antisense intronic. Relatively few sense intronic lncRNAs have been reported in 
plants, yet in this study thousands were identified. Furthermore, this study identified a small 
class of antisense intronic lncRNAs, which have not been reported previously in plants. The 
lncRNAs identified were also reproducibly identified in siliques from different ecotypes, 
crosses between ecotypes and in two different mutants. By collating all lncRNAs identified in 
siliques from Col, C24, reciprocal crosses, Ler wild type, mea1-1/mea1-1 and fis2-3/fis2-3, a 
total 4,147 lncRNAs were reproducibly detected in two or more biological replicates. By 
comparing the 4,147 lncRNAs to published datasets, 2,652 (64%) were novel, potentially 
being exclusively expressed in developing siliques. Alternatively, these lncRNAs may be non-
adenylated or antisense transcripts that were not identified in poly(A) purified, non-
directional sequencing studies. The remaining 1,495 lncRNAs (36%) have been reproducibly 
detected in other studies, being expressed in multiple tissues. Approximately half of these 
reported lncRNAs were intergenic, from multiple studies that have been collated in 
Araport11 (Cheng et al., 2017). The other approximate half were antisense exonic, and were 
identified in a genome-wide study of photomorphogenesis (Wang et al., 2014a). Overall, the 
lncRNAs identified in this study are a novel contribution to plant science, acting as a resource 
for further investigation into the biology of lncRNAs.  
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5.1.2 LncRNAs have variable expression and are difficult to detect 
In this research project, lncRNAs were identified that could be reproducibly detected 
in two or more biological replicates, yet many of these could not be detected in other 
ecotypes, crosses or mutants. As harvested siliques were derived from manual crossing, 
variability of successful fertilisation, or the induction of stress from hand pollination may be 
sources of variation. Nevertheless, the variation observed was considerably higher than the 
approximate 28,000 gene models consistently identified (not shown), particularly protein 
coding genes. However, the lncRNAs identified were lowly expressed compared to protein 
coding genes, having a median FPKM of 1 compared to 6. As single copy lncRNAs can be 
transcribed by different RNA polymerases, they are lowly expressed, thus being difficult to 
detect (Wierzbicki et al., 2008; Ariel et al., 2014; Li et al., 2015). Accordingly this makes them 
difficult to distinguish from transcriptional noise. Higher sequencing coverage may be one 
strategy to reproducibly detect all lncRNAs. However, similar to the findings of many other 
studies, the lncRNAs identified exclusively in one ecotype, tissue or cross are likely to have 
specific spatial and/or temporal expression (Liu et al., 2012; Di et al., 2014; Wang et al., 
2014a; Li et al., 2016; Yuan et al., 2016). Furthermore, as lncRNAs derive from intergenic and 
intronic regions that have less genomic sequence conservation than protein coding genes, 
the lncRNAs may not be transcribed in other ecotypes. The more distant the species or 
genus, lncRNAs may not be conserved in the genome. For instance, it has recently been 
estimated that less than 20% of lncRNAs in human have an orthologue lncRNA in mouse 
(Breschi et al., 2017). This has led to the proposition that lncRNAs underlie developmental 
diversity in higher eukaryotes.  
 
 
5.1.3 LncRNA candidates identified for further research 
In this research project, certain lncRNAs were discovered that are excellent 
candidates for further research. For instance, in Chapter Two, an SNP analysis found that 
two lncRNAs are potentially paternally expressed. Imprinting in plants is known to occur in 
the endosperm, which is one potential location of these lncRNAs. The only other potential 
origin for a paternal transcript is the embryo, as the paternal allele is not present in the 
maternal silique or seed coat tissue. If paternally expressed in the endosperm, the lncRNA is 
likely to be very lowly expressed, which is consistent with difficult detection. In 1 DAP 
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siliques, the endosperm is a small fraction of the tissue, likely less than 1% (Boisnard-Lorig et 
al., 2001). However high-throughput RNA-seq is sensitive enough to sample all cells (e.g. 
4x108 reads), revealing a large number of novel transcripts (Goodwin et al., 2016). The two 
lncRNAs that are potentially paternally expressed are candidates for further research, 
potentially having a role in seed and endosperm development. Similarly, other lncRNAs were 
identified that overlap genes that have been reported as specifically expressed in the 
endosperm. These lncRNAs are also candidates for expression in the endosperm, especially 
intronic lncRNAs that that are a splicing product of the protein coding gene. Determining the 
lncRNAs that are potentially regulating a protein coding gene that has a demonstrated 
biological function would be a priority for further research. 
In Chapter Three, FIS PRC2 mutations mea1-1/mea1-1 and fis2-3/fis2-3 revealed 853 
novel lncRNAs that had not previously been assembled in wild type or any other silique 
sample sequenced. Over 500 lncRNAs exhibited significant differential expression compared 
to wild type. The 853 lncRNAs are potentially subject to FIS PRC2 repression during silique 
and seed development. It is possible that a proportion of these lncRNAs are expressed in the 
endosperm, as both MEA and FIS2 have reproductive-specific expression in the central cell 
and endosperm (Luo et al., 2000; Qiu et al., 2017). In support of this, approximately one 
quarter of differentially expressed lncRNAs were transcribed at loci targeted by FIS PRC2 
mediated H3K27me3 in the endosperm (Moreno-Romero et al., 2016). Novel lncRNAs 
potentially regulated by FIS PRC2 are candidates for further research. These included 
lncRNAs only expressed in mea1-1/mea1-1 and fis2-3/fis2-3 that overlapped transcriptional 
regulators, seed development genes and imprinted genes. For instance, one lncRNA was 
identified that was antisense intronic to two different AGL transcription factor genes.  
 Other candidates for further research include the 79 lncRNAs that were reproducibly 
identified in all silique samples sequenced; Col, C24, reciprocal crosses, Ler wild type, mea1-
1/mea1-1 and fis2-3/fis2-3. These 79 are the most robust set of lncRNAs identified, being 
reproducible in biological replicates, different ecotypes, crosses and mutants. The 79 
lncRNAs had median FPKM of 2, compared to all other lncRNAs having a median FPKM of 1. 
Accordingly, these 79 lncRNAs were among the most highly expressed. This likely resulted in 
their reproducible detection in this study and others, as 50 (63%) have been reported in the 
literature. This is predominantly antisense exonic lncRNAs (Wang et al., 2014a), but also 
uncharacterised intergenic lncRNAs (Cheng et al., 2017). Therefore these lncRNAs may have 
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house-keeping roles in many tissues. However, there was still 29 novel lncRNAs (37%), only 
being detected in developing siliques. These are also candidates for further research.  
 
 
5.1.4 Challenges of lncRNA research 
RNA-seq and bioinformatic studies have identified thousands of lncRNAs. However, 
the biology of lncRNAs remains a relatively unexplored frontier in plant science. How many 
of the 4,147 lncRNAs identified turn out to be functional will take a considerable amount of 
work to determine; this is a challenging and ongoing process. Despite the exciting potential 
for all lncRNAs identified, an alternative is that some have no biological function. It is 
possible transcriptional noise from pervasive transcription is being detected, which is stable 
or destined for degradation. Currently, there are approximately 40,000 lncRNAs reported in 
A. thaliana (Jin et al., 2013; Wang et al., 2014a; Cheng et al., 2017). This is ever increasing, 
given the further identification of lncRNAs being detected in different tissue types and 
induced under different stresses (Zhu et al., 2013; Di et al., 2014; Yuan et al., 2016). Thus 
there is substantially more lncRNAs in A. thaliana than the approximate 28,000 protein 
coding genes consistently reported by both TAIR10 and Araport11 (Cheng et al., 2017). 
However, compared to the extensive knowledge of protein coding genes, which 
encompasses the majority of the scientific literature, less than 1% of the approximate 40,000 
potential lncRNAs have a demonstrated biological function (reviewed in Chapter One). This is 
paradoxical, given the magnitude of lncRNA transcription and wealth of A. thaliana genetic 
resources, such as genome-wide T-DNA insertion mutants (Alonso et al., 2003). Similarly, 
there are numerous natural and ethyl methanesulfonate induced SNPs that have not altered 
lncRNA activity, yet plant lncRNA secondary structure and function is susceptible to SNPs 
(Ding et al., 2012a; Ding et al., 2012b). With so few lncRNAs characterised, it is difficult to 
ascertain if there is a considerable quantity of predicted lncRNAs that could not be 
empirically verified, as these results will generally not be reported. In this research project, 
only 1,495 lncRNAs were detected from the approximate 40,000 lncRNAs reported in A. 
thaliana; less than 4%. The extent of false-positive lncRNA identification in the literature is 
unknown and needs to be addressed. 
Conversely, the function of some lncRNAs may have been inadvertently discovered, 
but incorrectly reported in the literature as something else. For instance, as lncRNAs often 
overlap protein coding genes, it is possible undiscovered lncRNAs have caused mutant 
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phenotypes that have been incorrectly reported to be caused by the protein coding gene. It 
is also likely that the transcription of antisense lncRNAs has confounded expression and PCR 
based techniques targeting protein coding gene cDNAs. As lncRNAs are not translated and 
have poor sequence conservation compared to protein coding genes, sequence mutations 
may rarely affect function. LncRNAs are also difficult to detect, some being transcribed at 
low levels that can only be identified by extensive ‘tiling’ reverse transcription PCR 
approaches (Heo and Sung, 2011; Kim and Sung, 2017). Other lncRNAs are only induced 
under different stresses (Zhu et al., 2013; Di et al., 2014; Yuan et al., 2016). There are an 
increasing number of lncRNA reports, however it is clear that that the research of plant 
lncRNAs is in its infancy and further experiments are required to validate biological 
functions. 
 
 
5.1.5 Breaking the post-zygotic barrier  
In this research project, inter-genus hybrids between A. thaliana and B. pinetorum 
were confirmed by PCR and GBS experiments. These hybrids were created with a maternal 
A. thaliana FIS PRC2 mutation, either MEA/mea1-1 or FIS2/fis2-1, which appeared to 
increase the success rate of hybrid formation by up to 20 fold. All F1 hybrids were genuine, 
containing the genomes of both distant parents and most were somatically stable. One F1 
hybrid had an A. thaliana chromosome deletion, while others potentially had chromosome 
deletions from B. pinetorum. Interestingly, it was the maternal gametophytic lethal mutant 
alleles mea1-1 and fis2-1 that were inherited in the F1 hybrids from the heterozygous 
mother. This report not only confirms that FIS PRC2 mutants facilitate the formation of inter-
genus hybrids between A. thaliana and B. pinetorum but is also the first report to utilise GBS 
to confirm inter-genus hybrids and detect a chromosome deletion in at least one of the F1 
hybrids.  
Alleviating post-zygotic barriers to create inter-genus hybrids has the potential to 
provide agricultural crops with novel genetic variation that can potentially improve yield or 
introduce disease and/or stress resistance. For instance, further research may enable the 
crossing of an agricultural crop with a wild relative, to give rise to a superior variety. 
Furthermore, inter-genus crosses could generate new plants not present in nature, which 
may have value to humanity. However, there is one key limitation to this application. 
Currently it is unknown how the mutations mea1-1 and fis2-1 alleviated post-zygotic barriers 
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between A. thaliana and B. pinetorum. Interploidy experiments have clearly demonstrated 
the need for an intricate balancing of conflicting genomic contributions (Haig and Westoby, 
1989; Nowack et al., 2007). Described as parental conflict theory, increased dosage of the 
maternal genome inhibits endosperm development, producing smaller seeds, while 
increased dosage of the paternal genome promotes endosperm growth and seed size (Scott 
et al., 1998). Maternally expressed FIS PRC2 components MEA and FIS2 suppress endosperm 
development epigenetically by H3K27me3 at chromatin of key target genes (Chaudhury et 
al., 1997; Kinoshita et al., 1999; Luo et al., 1999; Vielle-Calzada et al., 1999). Conversely, 
several antagonistic paternally expressed genes have been implicated in promoting over-
proliferation of the endosperm that ultimately fails to cellularise (Josefsson et al., 2006; 
Kradolfer et al., 2013b; Wolff et al., 2015; Huang et al., 2017). In inter-genus hybrids 
between A. thaliana and B. pinetorum, there is a paternal genomic excess and the 
endosperm is defective (Lohe and Perotti, 2012). In the hybrid embryos, mea1-1 and fis2-1 
are inherited, escaping gametophytic lethality. With these alleles, it is possible the 
endosperm has become autonomous (Chaudhury et al., 1997). An autonomous, diploid 
endosperm is possible, which in the presence of a mea mutant, can give rise to a viable seed 
(Nowack et al., 2007; Shirzadi et al., 2011). A diploid endosperm without a paternal genome 
is likely to be free from over-expressed, antagonistic paternally expressed genes that perturb 
endosperm development and ultimately cause seed abortion. If endosperm development 
occurs to nourish the inter-genus embryo, seed development will be successful. Whether 
autonomous or not, mechanisms outside FIS PRC2 regulation have restored normal 
endosperm development and cellularisation. It is unclear what this regulation is, although it 
is likely targeting paternally expressed genes. For instance, in FIS PRC2 mutants, mutations in 
paternally expressed genes can restore endosperm cellularisation, preventing seed abortion 
(Kradolfer et al., 2013b; Huang et al., 2017). The effect is cumulative, as simultaneous 
mutations in multiple paternally expressed genes increases seed rescue (Huang et al., 2017). 
The intricate balancing between FIS PRC2 and antagonistic paternally expressed genes 
underlies post-zygotic hybridisation barriers. However, more research needs to be done in 
order to understand how the post-zygotic hybridisation barrier can be circumvented. This is 
a challenge beyond measure, with multiple avenues for research.  
It is intriguing to speculate if lncRNAs play a role in alleviating post-zygotic 
hybridisation barriers. As seen in Chapter Two, many lncRNAs are in genomic proximity to 
FIS PRC2 target genes such as imprinted genes and TEs. LncRNAs were also identified that 
188 
 
were imprinted, including two confident paternally expressed lncRNA candidates. 
Furthermore, in Chapter Three, novel lncRNAs were differentially expressed in the absence 
of a functional FIS PRC2, including lncRNAs in proximity to various genes involved in 
transcriptional regulation. It is known that interploidy hybrids can form as a result of de novo 
DNA methylation of FIS PRC2 targets (Schatlowski et al., 2014). In plants, de novo DNA 
methylation occurs by RdDM (Law and Jacobsen, 2010; Matzke et al., 2015). Plant lncRNAs 
have confirmed roles in RdDM, being siRNA pre-cursors and siRNA targets (Wierzbicki et al., 
2008; Li et al., 2015a). This research project provides a platform for further research into 
lncRNAs involved in post-zygotic hybridisation barriers, which was a long term aim of the 
project. However, alternative research pathways can also be undertaken using crosses 
between A. thaliana and B. pinetorum. For instance, it was seen a stable hybrid formed with 
a chromosome deletion. New plants could potentially be made, including partial hybrids or 
potentially a model plant species that can undergo apomixis. This would be of significant 
value to researchers worldwide. 
 
 
5.1.6 Future directions  
For the 4,147 lncRNAs identified in this research project and the majority of 
published lncRNAs, further research would be highly beneficial. Foremost, lncRNAs require 
further validation, which could be performed with PCR techniques (e.g. 2.2.9). As many 
lncRNAs are cell specific and lowly expressed (Liu et al., 2012; Wang et al., 2014a), 
microfluidic devices could be employed for validation experiments. Such devices use minute 
quantities of sample by specialising in single-cell reactions that are highly sensitive (Prakadan 
et al., 2017). After confirmation of a transcript, experiments are still required to verify that 
no peptide is produced (Housman and Ulitsky, 2016). Further peptide potential and 
proteomic studies would verify lncRNA annotation or potentially elucidate incorrectly 
annotated small peptide transcripts (Anderson et al., 2015; Nelson et al., 2016).  
To elucidate the functional role of candidate lncRNAs, multiple approaches are 
available to trial. Reverse genetics is readily used for protein coding genes; a mutated or 
down-regulated lncRNA may provide clues by exhibiting an altered A. thaliana phenotype. T-
DNA insertion mutants may be available to investigate and characterise (Alonso et al., 2003). 
Alternatively, this can be achieved by RNA interference experiments (Waterhouse and 
Helliwell, 2003). Conversely, constitutive overexpression of a candidate lncRNA may provide 
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a phenotype. Vectors for functional analysis of genes in planta are readily available to 
perform this experiment (Curtis and Grossniklaus, 2003). Currently, many plant lncRNAs bind 
to proteins as part of their function. This phenomenon could be investigated by determining 
which A. thaliana RNA binding proteins are bound to lncRNAs (Reichel et al., 2016). A more 
targeted approach could be taken, for instance, determine which lncRNAs bind to 
components of PRC2 (Heo and Sung, 2011; Kim and Sung, 2017). This could reveal lncRNAs 
that guide PRC2 to facilitate negative regulation. 
 Throughout this research project, a rRNA depletion strategy was employed to retain 
both polyadenylated and non-adenylated transcripts. Therefore, non-adenylated transcripts 
may have been captured that have roles in RdDM, which is an opportunity for further 
research (Matzke et al., 2015). To determine which transcripts are non-adenylated, one 
approach has already been adopted (Appendix 6.1.3). This entailed rRNA depletion followed 
by oligo-dT separation, RNA-seq and lncRNA identification. From preliminary results, 
approximately one third of lncRNAs appear to be polyadenylated, one third non-
polyadenylated and one third are indistinguishable from the two categories. Therefore, 
novel non-adenylated lncRNAs have likely been identified throughout the entire project. 
These could be Pol IV transcripts that are precursors of 24 nt siRNAs (Li et al., 2015a), or Pol 
V transcripts that are targeted by 24 nt siRNAs loaded into AGO4 (Wierzbicki et al., 2008; 
Zheng et al., 2013). This can be investigated by sequencing all small RNAs (sRNAs), which has 
already been performed (Appendix 6.1.4). For each sample, 20 – 30% of the reads were 24 
nt in length, which suggests siRNAs are co-expressed with the lncRNAs identified. Utilising 
the sRNA sequencing, it is also possible to test whether lncRNAs identified are ceRNAs, 
sequestering 21 nt miRNAs (Wu et al., 2013). For instance, lncRNAs may have multiple 
miRNA binding sites and/or have an imperfect match that prevents cleavage by RISC, 
maintaining sequestration (Franco-Zorrilla et al., 2007). 
Lastly, to specifically investigate seed development, experiments could be performed 
to definitively identify lncRNAs expressed in the endosperm. A targeted RNA-seq approach 
by removing the most abundant transcripts, such as housekeeping mRNAs, could be 
performed. Duplex-specific nuclease is an enzyme that cleaves dsDNA which can be utilised 
to ‘normalise’ RNA-seq libraries based on re-association kinetics of a denatured library 
(Shagin et al., 2002; Christodoulou et al., 2011). Alternatively, for transcripts of interest, a 
CaptureSeq approach can be taken that utilises magnetic bead-linked oligonucleotides that 
are tiled across the region of interest (Clark et al., 2015). However, to identify lncRNAs in 
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endosperm development, an optimal approach would be directly purifying endosperm 
nuclei. For instance, this could be performed using the INTACT method: isolation of nuclei 
tagged in specific cell types (Deal and Henikoff, 2011). This approach utilises a promoter of 
interest to affinity-label nuclei with biotin that can be purified with streptavidin coated 
magnetic beads. This method was being developed with endosperm specific promoters 
(Appendix 6.1.5). Recently, purification of endosperm by INTACT was successfully utilised to 
investigate chromatin modifications and imprinting (Moreno-Romero et al., 2016; Moreno-
Romero et al., 2017). 
 
 
5.1.7 Summary and conclusion 
 In this research project, 4,147 lncRNAs were identified in A. thaliana siliques from 
various ecotypes, crosses and mutants. 64% were novel, not being reported by any other 
study. LncRNAs were intergenic, antisense exonic, sense intronic and antisense intronic 
relative to protein coding genes. LncRNAs were identified that were imprinted, methylated 
and in close proximity to seed development protein coding genes. FIS PRC2 mutants were 
found to induce transcriptome wide differential expression of 8,212 genes and 520 lncRNAs. 
This revealed novel lncRNAs that have not been detected in any other study. Furthermore, 
FIS PRC2 mutants were confirmed to partially alleviate hybridisation barriers between A. 
thaliana and B. pinetorum. The F1 hybrids contained the genomes of both parents and 
predominantly inherited the FIS PRC2 mutant allele. The lncRNAs identified throughout this 
project have exciting potential in regulating many aspects of silique, seed and hybrid 
development. However, further experiments are required to confirm lncRNAs and elucidate 
functions, not just the lncRNAs in this study, but the majority of all plant lncRNAs reported. 
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Appendices 
 
6.1 Supporting experimental data 
 
6.1.1 Choosing an RNA extraction method and verifying elimination of 
genomic DNA 
As the RNA-seq library preparation method planned was not dependent on 
purification of polyadenylated transcripts (alternatively rRNA depletion to include 
polyadenylated and non-adenylated transcripts), efficient removal of DNA was essential. 
Three A. thaliana 1 DAP silique RNA extraction methods were tested for DNA presence. The 
three RNA extraction methods were TRIzol® (Thermo Fisher Scientific) including a 
subsequent DNase digestion (New England Biolabs) and Spectrum™ Plant Total RNA Kit 
(Sigma Aldrich®) without /with the optional on-column DNase digestion. Quantitative PCR of 
CYCLOPHILIN (AT2G29960) was measured on a Corbett /Qiagen Rotor-Gene Q (Figure 6.1). 
Relative to gDNA amplification, 100 ng of RNA from a TRIzol® + DNase digestion appeared to 
have significantly more DNA than 1 pg of gDNA. 100 ng of RNA extracted from the Sigma kit 
had significantly less DNA, 1/100,000th compared to 1 pg gDNA. 100 ng of RNA extracted 
from the Sigma kit that included the optional on-column DNase digestion was comparable to 
no template, with no PCR amplification detected. This suggested complete elimination of 
gDNA during the RNA extraction process, therefore was chosen as the RNA extraction 
procedure for all crosses.  
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Figure 6.1 Testing A. thaliana silique RNA extraction methods for DNA by quantitative PCR. Quantitative PCR 
of a gene model was measured for three RNA extraction methods. 10 pg and 1 pg of A. thaliana genomic DNA 
(gDNA) was included for reference. Total RNA was extracted from A. thaliana siliques using TRIzol® (Thermo 
Fisher Scientific) with subsequent DNase digestion (New England Biolabs) and Spectrum™ Plant Total RNA Kit 
(Sigma Aldrich®) without /with the optional on-column DNase digestion (Sigma Kit /Sigma + DNase). Each test 
was done with three biological replicates to calculate mean ± standard error. (A) All test samples. (B) 
Magnification of the blue box in (A). Star represents the chosen extraction method for the subsequent 
experiments (Sigma + DNAse).  
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6.1.2 Illumina® sequencing quality per base 
Throughout this project, next-generation sequencing quality was tested with FastQC 
v0.10.1; a quality control tool for high throughput sequence data (Babraham Institute). 
Illumina® HiSeq 2000 RNA-seq quality of A. thaliana Col and C24 crosses (Chapter Two) is 
shown in Figure 6.2. Illumina® HiSeq 2000 RNA-seq quality of A. thaliana Ler wild type, 
mea1-1/mea1-1 and fis2-3/fis2-3 (Chapter Three) is shown in Figure 6.3. Illumina® MiSeq 
genotyping by sequencing quality of A. thaliana x B. pinetorum inter-genus hybrids (Chapter 
Four) is shown in Figure 6.4. Sequencing quality is measured by a Phred score, which is 
calculated by -log10[probability of error]. Therefore a score of 10 represents a probability of 
an incorrect base call of 1 in 10 (90% accuracy), whereas a Phred score of 30 represents a 
probability of an incorrect base call of 1 in 1,000 (99.9% accuracy). For all sequencing 
experiments conducted, the median Phred quality score for each position of the reads was ≥ 
30. Accordingly, all sequencing performed had approximately ≥ 99.9% base call accuracy. 
Sequencing quality scores gradually decrease the longer the read position; a limitation of 
Illumina® short read sequencing platforms. Reads that had a Phred quality score of < 30 
were removed prior to mapping.  
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Figure 6.2 Illumina® HiSeq 2000 RNA-seq quality of A. thaliana Col and C24 crosses (Chapter Two). A total 
427,397,978 100 bp reads (213,698,989 paired reads) were generated. For each position in the 100 bp reads, a 
Phred quality score was calculated and plotted with FastQC (Babraham Institute). (A) Read 1 (transcript reverse 
read). (B) Read 2 (transcript forward read). Phred quality score = -log10[probability of error]. Red line is median 
value, yellow box is interquartile range 25 – 75%, black whiskers are 10 - 90% and blue line is the mean quality 
score. Green shading represents good quality (Phred quality score > 28), orange acceptable quality (20 – 28) 
and red poor quality (< 20). 
 
(A) Read 1 (transcript reverse read, 100 bp long). 
(B) Read 2 (transcript forward read, 100 bp long). 
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Figure 6.3 Illumina® HiSeq 2000 RNA-seq quality of A. thaliana Ler and homozygous PRC2 mutants (Chapter 
Three). A total 348,851,896 100 bp reads (174,425,948 paired reads) were generated. For each position in the 
100 bp reads, a Phred quality score was calculated and plotted with FastQC (Babraham Institute). (A) Read 1 
(transcript reverse read). (B) Read 2 (transcript forward read). Phred quality score = -log10[probability of error]. 
Red line is median value, yellow box is interquartile range 25 – 75%, black whiskers are 10 - 90% and blue line is 
the mean quality score. Green shading represents good quality (Phred quality score > 28), orange acceptable 
quality (20 – 28) and red poor quality (< 20).  
 
 
 
Figure 6.4 Illumina® MiSeq genotyping by sequencing quality of A. thaliana x B. pinetorum inter-genus 
hybrids (Chapter Four). A total 28,602,235 250 x 50 bp paired reads were generated. For each position in the 
reads, a Phred quality score was calculated and plotted with FastQC (Babraham Institute). (A) Read 1 (250 bp 
long). (B) Read 2 (50 bp long). Phred quality score = -log10[probability of error]. Red line is median value, yellow 
box is interquartile range 25 – 75%, black whiskers are 10 - 90% and blue line is the mean quality score. Green 
shading represents good quality (Phred quality score > 28), orange acceptable quality (20 – 28) and red poor 
quality (< 20).  
(A) Read 1 (100 bp).                        (B) Read 2 (100 bp). 
 
(A) Read 1 (250 bp).                    (B) Read 2 (50 bp). 
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6.1.3 Estimated proportion of polyadenylated and non-adenylated 
lncRNAs 
The proportion of lncRNAs with and without a poly(A) tail was estimated from a 
ColxCol cross (harvesting 1 DAP siliques). As outlined in 2.2.3, RNA was extracted and 
ribosomal RNA depletion was performed. However, the rRNA deleted RNA was then 
subjected to two rounds of oligo-dT separation (ThermoFisher Dynabeads®) into 
polyadenylated and non-adenylated fractions. These factions were separately used to create 
RNA-seq libraries for sequencing (2.2.3). Reads from these two fractions were used to 
identify lncRNAs as outlined in 2.2.4 (18,682,947 and 22,110,721 reads respectively). In total, 
788 potential lncRNAs were assembled (Figure 6.5). 265 were exclusively within the 
polyadenylated fraction (34%), 301 were exclusively within the non-adenylated fraction 
(38%) and 222 (28%) were identified in both fractions. The large proportion of non-
adenylated lncRNAs were only able to be identified due to the rRNA depletion strategy 
employed. Therefore, as most studies rely on poly(A) tail selection methods, it is likely many 
unexplored, novel non-adenylated lncRNAs have been identified throughout the entire 
project.  
 
 
Figure 6.5 Proportions of polyadenylated and non-adenylated A. thaliana potential lncRNAs. Polyadenylated 
and non-adenylated transcripts were separated in an experimental ColxCol sample, by means of ribosomal 
depletion and oligo-dT purification. After sequencing, lncRNAs were individually assembled in the two fractions 
and compared. 
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6.1.4 Sequencing of small RNAs 
Small RNAs (sRNAs) were purified and sequenced to elucidate lncRNAs that 
potentially give rise to siRNAs, are targeted by siRNAs or are potentially competitive 
endogenous RNAs of miRNAs. Total RNA was extracted from 1 DAP siliques using a 
Spectrum™ Plant Total RNA Kit (Sigma Aldrich®). sRNAs were size-fractionated on a 15% 
denaturing TBE urea polyacrylamide gel, purifying sRNAs 15 to 40 nt. sRNAs were eluted in 
0.3 M NaCl by rotating the tube overnight at 4°C. Eluted RNA was passed through a Spin-X 
column and precipitated using isopropanol and glycoblue (Ambion, USA). The sRNA pellets 
were washed and air-dried at 4°C, then re-suspended in RNAse free water (Ambion, USA). 
sRNA libraries were constructed using NEB Next Multiplex Small RNA Library Prep Set for 
Illumina® (New England Biolabs, UK). 50 bp single end sequencing was performed on an 
Illumina® HiSeq 2500 (Figure 6.6). Number of reads and distribution of sRNA lengths is 
shown in Table 6.1 and Figure 6.7 respectively. Unfortunately, funding, time constraints and 
unforeseen circumstances limited the progress of this experiment. 
 
 
 
Figure 6.6 Illumina® HiSeq 2500 sequencing quality per base for 92,951,849 sRNA 50 bp reads. For each 
position in the 100 bp reads, a Phred quality score was calculated and plotted with FastQC (Babraham 
Institute). Phred quality score = -log10[probability of error]. Red line is median value, yellow box is interquartile 
range 25 – 75%, black whiskers are 10 - 90% and blue line is the mean quality score. Green shading represents 
good quality (Phred quality score > 28), orange acceptable quality (20 – 28) and red poor quality (< 20). 
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Table 6.1 Summary of Illumina® HiSeq 2500 sequencing of A. thaliana silique sRNAs. 1 day after pollination 
silique sRNAs of lengths 15 – 40 nt were purified and 50 bp single end sequencing was performed. Number of 
reads for 21 samples is shown. 92,951,849 reads were generated, an average of 4,426,279 reads per library. 
 
Sample Reads 
A. thaliana ColxCol (1) 5,330,410 
A. thaliana ColxCol (2) 6,398,036 
A. thaliana ColxCol (3) 3,506,921 
A. thaliana C24xC24 (1) 4,230,478 
A. thaliana C24xC24 (2) 3,988,629 
A. thaliana C24xC24 (3) 4,101,632 
A. thaliana ColxC24 (1) 2,804,064 
A. thaliana ColxC24 (2) 2,513,384 
A. thaliana ColxC24 (3) 5,045,086 
A. thaliana C24xCol (1) 4,317,187 
A. thaliana C24xCol (2) 4,288,162 
A. thaliana C24xCol (3) 5,225,233 
A. thaliana LerxLer (1) 4,649,456 
A. thaliana LerxLer (2) 4,280,900 
A. thaliana LerxLer (3) 3,853,091 
A. thaliana Ler mea1-1/mea1-1 x Ler mea1-1/mea1-1 (1) 3,215,586 
A. thaliana Ler mea1-1/mea1-1 x Ler mea1-1/mea1-1 (2) 5,816,984 
A. thaliana Ler mea1-1/mea1-1 x Ler mea1-1/mea1-1 (3) 5,417,834 
A. thaliana Ler fis2-3/fis2-3 x Ler fis2-3/fis2-3 (1) 4,948,082 
A. thaliana Ler fis2-3/fis2-3 x Ler fis2-3/fis2-3 (2) 4,981,823 
A. thaliana Ler fis2-3/fis2-3 x Ler fis2-3/fis2-3 (3) 4,038,871 
Total: 21 samples, 92,951,849 single end reads (50 bp). 
Small RNA purification lengths: 15 – 40 nt. 
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Figure 6.7 Distribution of A. thaliana silique sRNA lengths. 1 day after pollination silique sRNAs of lengths 15 – 
40 nt were purified and 50 bp single end sequencing was performed (Illumina® HiSeq 2500). sRNA lengths were 
plotted against the quantity of reads (%). Each sample contained three biological replicates; the average is 
shown ± standard deviation. In total, 92,951,849 reads were generated, an average of 4,426,279 reads per 
library. (A) – (G) The crosses using different A. thaliana ecotypes and PRC2 mutants which were used 
throughout this research project. 
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6.1.5 Isolation of nuclei tagged in specific cell types 
To identify lncRNAs in endosperm development, isolation of nuclei tagged in specific 
cell types (INTACT) was adopted, as outlined by Deal and Henikoff (2011). This approach 
utilises a promoter of interest to affinity-label nuclei with biotin that can be purified with 
streptavidin coated magnetic beads. The vector constructed utilised Mark D. Curtis vector 
pMDC111 as a backbone (Curtis and Grossniklaus, 2003), a gateway cassette from pDONR 
series (Invitrogen) and a nuclear targeting fusion protein (NTF) from Steve Henikoff (Deal 
and Henikoff, 2011) (Figure 6.8). Using Gateway™ LR Clonase™ (Invitrogen™), seed 
development promoters of interest were added to the vector. This included A. thaliana 
endosperm specific promoters BX3 (Minic et al., 2006), MPC (Tiwari et al., 2008), (Baud et 
al., 2005) and embryo promoter FAE1 (Rossak et al., 2001). Using an Agrobacterium 
tumefaciens floral dipping approach (Clough and Bent, 1998; Harrison et al., 2006), the 
vector was added to the genome of an A. thaliana mutant constitutively overexpressing 
biotin ligase (Deal and Henikoff, 2011). Plants were screened for hygromycin resistance and 
expression of green fluorescent protein (GFP) (Figure 6.9). Unfortunately, funding, time 
constraints and unforeseen circumstances limited the progress of this experiment. Recently, 
purification of endosperm by INTACT has been successfully reported (Moreno-Romero et al., 
2016; Moreno-Romero et al., 2017). 
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Figure 6.8 Vector engineered for isolation of nuclei tagged in specific cell types cell sorting (INTACT). (A) 
Vector map. The vector constructed utilised Mark D. Curtis vector pMDC111 as a backbone (Curtis and 
Grossniklaus, 2003), a gateway cassette from pDONR series (Invitrogen) and a nuclear targeting fusion protein 
(NTF) from Steve Henikoff (Deal and Henikoff, 2011). (B) Example promoter driving NTF expression. Promoter 
used were A. thaliana endosperm specific promoters BX3 (Minic et al., 2006), MPC (Tiwari et al., 2008), (Baud 
et al., 2005) and embryo promoter FAE1 (Rossak et al., 2001). Maps generated in Vector NTI Advance
TM
 11 
(Invitrogen™). 
(A)  
(B)  
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Figure 6.9 Expression nuclear targeting fusion protein (NTF) in A. thaliana 1 day after pollination seeds. In 
this example, the BX3 promoter (Minic et al., 2006) drives the expression of NTF (Deal and Henikoff, 2011). 
Images viewed under a green fluorescent protein filter (Zeiss dissecting microscope). (A) Negative control; A. 
thaliana constitutively overexpressing biotin ligase (no NTF construct). (B) BX3::NTF fluorescence in micropylar 
endosperm and peripheral endosperm. Scale bars = 500 µm.  
 
(A) A. thaliana negative control  
  
(B) A. thaliana BX3::NTF 
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6.2 Data repository 
  
 The empirical findings reported in this thesis are publicly available. This data is 
stored, maintained and updated if necessary, in my shared DropboxTM folder: 
 
https://www.dropbox.com/sh/8qjuq2d2i6rqwwl/AADkdJb2TcxT9BshNx14oEqga?dl=0 
 
To contact me, please send an email to the following address: 
 
ashley.jones@live.com.au 
 
Regards, 
Ashley Jones. 
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